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FOREWORD 


The  decision  to  hold  a  Specialists’  Meeting  on  "The  Aerodynanics  of 
Ataospherlc  Shear  Flows”  was  taken  as  a  result  of  a  Round  Table  Discussion 
of  the  Fluid  Dynamics  Panel  in  Septeaber,  1967,  '  Gottingen. 

The  subject  is  a  very  wide  one  and  could  readily  be  extended  well  outside 
the  reals  of  aeronautical  problems.  It  was  felt,  however,  that  in  the 
context  of  this  AQARD  aeeting  the  eaphasis  should  be  on  aspects  of  direct 
aeronautical  Interest.  Nevertheless,  it  was  agreed  that  other  aspects 
should  not  be  rigidly  excluded,  since  certain  developaents  aiaed  at  non- 
aeronautical  probleas  can  readily  have  relev^.ce  to  aeronautical  and  space 
needs. 

The  Programs  Cnaaittee  decided  that* papers  should  be  invited  under  three 
headings;  aaaeljs  I,  The  Structure  of  Ataospherlc  Shear  Flows;  H,  Basic 
Probleas  Related  to  Ataospherlc  Shear  Flow;  Ill.  Industrial  Probleas. 

The  final  prograaae  is  aade  up  of  10  papers  under  Topic  I,  10  papers  under 
Topic  II,  and  4  papers  under  Topic  III.  In  addltl  >  associated  with  each 
topic  is  a  general  review  paper  by  a  leading  exponent  in  that  field.  It  is 
hoped  that  the  final  coverage  of  aeteorological  aspects,  laboratory  and 
slaulation  techniques  and  behaviour  of  structures  in  shear  flows  will  prov» 
a  balanced  one  and  will  provide  a  useful  basU  for  discussion  and  a  stl.ulus 
for  further  work. 

The  contributions  to  the  prograaae  derive  froa  six  NATO  ccontrle*. 


A.  D.  Young 
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THE  STRUCTURE  OF  ATMOSPHERIC  SUSAK  S  -  A  kSVIEH 


H .  A,  Fnaofaky* 

The  Ptnr-ay Ivan.-' a  Seats  Velvet  »ity 


*£v«n  P\*h  Jt»y«4rch  Professor  of  AtvoepKsrlc  Sctsttcse 


SUMKARY 


Atmospheric  shear  flow*  near  the  gro.  '  are  discussed  in  soae  detail,  and  chart -ferietica  of 
elevated  cheer  flow*  are  not  so  well  understu..  ’  and  are  mentioned  only  briefly. 

The  behavior  of  the  structure  of  atmospheric  shear  fiove  near  the  ground  is  diaeuassd  in  terms 
of  three  similarity  hypotheses: 

1)  Xonin-Obukhov  similarity  in  the  surface  ^aver 

2)  Kolmogorov  siuilarity 

3)  Davenport  geometric  similarity 

Monln-Obukhov  similarity  makes  it  possible  to  combine  the  effects  of  shear  and  buoyancy.  It 
deccribea  well  the  wind  profile  in  the  surface  layer,  as  well  as  the  spectra  of  vertical  wind  and 
tampers,  tur* ,  end  the  cospectra  of  heat  flux  and  Reynolds  stress.  Spectra  of  the  horizontal 
components  do  not  obey  Monin-Obukhov  similarity,  probably  due  to  the  of feet  of  large-scale  roughness. 

Cue  to  the  high  Reynolds  number*,  well-developed  inertial  subranges  exist  in  *11  spectra  at 
high  frequencies,  except  in  very  stable  sir.  In  stable  air,  buoyant  subranges  have  bean 
observed.  The  inertial  ranges  permit  estimation  of  dissipation. 

Davenport  unometrical  similarity  predicts  that  the  relation  beLween  wind  fluctuations  for 
given  ratios  of  height  Hfferer.ee  and  wavelength  is  a  function  of  Richardson  number  only.  Thin 
hypothesis  agrees  with  observations  at  many  sites.  Fluctuations  occur  first  at  higher  levels, 
then  spread  downwards.  The  delay  for  the  lateral  component#  is  larger  than  for  the  horisontal 
components . 

Spectra  of  elevated  shear  layers  (clear-air  turbulence)  clearly  show  the  inertial  range. 

Ac  lower  frequencies,  longitudinal  rolls  »re  indicated  in  t1"*  case  of  clear- air  turbulence. 


THE  STRUCTURE  OF  ATMOSPHERIC  SHEAR  FUOWS  -  A  REVIEW 


H.  A.  Panofsky* 

The  Pennsylvania  State  University*'* 


I.  Introduction 


Atmospheric  shear  f low a  have  been  studied  moat  extensively  in  the  etaorpheric  boundary  layer, 
which  is,  on  the  average,  about  1  fat  thick.  Most  of  thie  paper  will  deal  with  properties  of  this 
layer.  In  addition,  how  /er,  there  exist,  cn  occasion,  strong  shear  leyera  in  the  upper  air.  with 
a  maximum  probability  about  10  fat  above  the  surface,  which  give  rise  to  ’’clear-air  turbulence” 
(CAT).  Sane  information  concerning  th;  mechanism  and  structure  of  CAT  has  only  recently  become 
available  and  /ill  be  discussed. 


Atmospheric  and  oceanic  shear  tones  differ  in  two  important  aspects  frt»  boundary  layer* 
usually  studied  in  wind  tunnels:  firat,  the  Reynolds  numbers  are  so  large  that  they  cease  to  be 
important,  except,  perhaps  right  near  the  ground.  Secsn.d,  the  vertical  to*.yer*ture  stratification 
plays  a  dominant  role  in  determining  the  characteristic*  of  the  sheer  flow;  if  teeperatur® 

Increases  with  height,  it  tends  to  damp  out  turbulence;  if  it  decreases  with  height  by  more  than 
the  adiabatic  rat*  yd  U’C/100  m) ,  heat  convection  ia  added  to  the  "mechanical*’  tutbulanc*  produced 
by  th«  shear.  Therefore,  the  meet  relevant  non-dimensional  ruaber  for  atmospheric  shear  flow 
becomes  the  Richardson  number,  defined  by 


8<Y, 


T(f*  +  |V 


(i) 


According  to  Batchelor  (1*53),  this  number  determine*  dynamic  similarity;  qualitatively  it 
can  be  thought  of  representing  the  relative  importance  of  heat  convection  and  mechanical 
turbulence.  Here,  g  is  gravity,  T  temperature,  s  height,  y-  -Wot,  and  u  and  v  sr*  two  uartaeian 
horisontal  wind  components.  Ri  is  definad  in  such  a  way  that  large  negative  nasber.  imply 
rela*-iv*lY  J»trcn£  haatfc  convection;  *ero  Ri,  pur®  wech*nic®l  turbulance;  small  pccitiva  Ri, 

turbulence ,  demped  by  Jhe  temperature  Gratification;  end  large  po.it  v.  Ri  ,  i *  ™ tU.X 
turbulence  at  all.  Between  the  last  two  categories  ther*  exists  a  critical  Richardson  numb  , . 
separating  --erticai  turbulence  from  no  vertical  turbulence;  it*  mssericel  value  is  probably  «r  md 
OHlnprlctict.  3  5  g.2(yd  -  Y>/u2T  i.  .outlie.  uxad  in.tead  of  Ri  because  it  can  be  measured 

more  easily. 


II.  Vertical  Wind  Structure  in  the  boundary  Layer 

a.  The  surface  layer.  Within  the  atmospheric  bounty  l.ycr,  we  ci.tingui.htvo^gion.: 

Eta>*n  layer".  The  surface  layer,  which  extends  up  to  a  heigh,  of  10 

or  so,  has  the  following  relatively  simple  properties  (over  JmclfflS**^  2 

is  constant-  and  the  vertical  variation  of  stress,  heat  flux  and  other  vertical  tiuxe*  c*n  o* 
neglected,  'in  the  Hasan  layer,  the  earth's  rotation  incomes  important  and  the  wind  tutnm 
increasing  height.  Also,  the  vertical  fluxes  decrease  significantly  in  magnitude. 


Over  homogeneous 
daytime) ,  the  vertical 


terrain,  for  tero  or  negative  Richardson  number*  (the  normal  configuration  at 
wind  distribution  over  homogeneous  terrain  is  giv;«n  by 


V  -  2.5  u*{£.n (*/*0)  -  ^(Ri> 3 


(2) 


*Bv*n  Hugh  Reseas 
♦♦Contribution  Ho. 


,  Professor  of  Atmospheric  Sciences 
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H«=re  u*.  the  friction  velocity,  is  defined  as  u4  -  /x/p,  vher*  x  is  the  stress  and  p  the  sir  density, 
Zq  is  the  usual  roughness  length,  which  varies  frets  shout  0,1  cm  over  smooth  sand  to  several  meters 
over  sewe  cities.  iji(Ri)  appears  to  be  a  universal  function,  which  has  been  tabulated  and  is 
available  in  graphical  forts  (Panofaky,  1S63).  It  is  positive  if  Ri  is  negative.  For  positive 
Richardson  mabers,  Eq.  (2)  is  probably  not  valid,  because  radiative  heat  transfer  becomes 
important;  further,  winds  at  different  levels  become  more  independent  of  each  other,  and  decreases 
rapidly  with  height.  * 


Equation  U)  does  not  really  describe  the  distribution  of  wind  with  height,  because  the 
vertical  distribution  of  Ri  is  not  known  a  priori;  hor'tr,  the  equation  in  this  fora  is  quite 
useful  for  evaluating  u*  from  given  roughness,  winds  and  temperatures. 


The  distribution  of  wind  with  height  can  be  described  explicitly  by  Introducing  L,  the  lettau- 
Monin-Obukhov  length,  which  is  defined  by 


L 


u*3c  PT 

_ _ E _ 

0.4  gH 


(3) 


Here  It  is  the  vertical  heat  flux  (to  be  modified  when  moisture  affects  the  buoyancy  of  the  air), 
and  c„  the  specific  heat  at  constant  pressure.  In  the  surface  layer,  L  is  essentially  Independent 
of  height,  and  |L/30j  represents  the  height  below  which  mechanical  turbulence  is  dominant  In 
producing  vertical  fluxes,  and  above  |L/30|  ,  buoyant  turbulence  (heat  convection).  1  is  treated 
s*  a  scaling  length  in  Konin-Obukhov  similarity  along  with  u4  as  scaling  velocity.  According  to 
this  theory,  x/L  la  a  universal  function  of  hi  in  the  surface  layer.  In  fact,  for  practical 
purposes,  RI  and  st/L  appear  to  be  equal  when  both  are  negative  (daytime).  We  can  then  rewrite  the 
low-level  wind  profile: 


V  -  2.5  u*  (in(*/ao)  -  iKt/Ul 


W 


b.  Wind  distribution  in  the  Ekaan  layer.  In  the  Ekmen  layer,  the  wind  tends  to  turn  clockwise 
with  increasing  height  in  the  northern  hemisphere,  counterclockwise  in  the  southern.  The  wind 
speed  Increases  rapidly  at  first,  more  slowly  later  on.  The  exact  dlatrlbutlon  depends  on  many 
factors,  particularly,  the  vertical  distribution  of  the  horitontal  pressure  gradient,  and  the 
vertical  dlatrlbutlon  of  Richardson  numbers . 

Many  models  exist  for  this  distribution;  of  particular  importance  is  the  ratio  between  sur-.-ce 
friction  velocity  and  frae-stres*  velocity,  and  the  angle  between  surface  stress  and  direction  of 
free-atrena  velocity.  Both  these  ratios  depend  primarily  on  the  "surface  Rossby  number"  Vg/fsQ, 
acme  form  of  bulk  Richardson  nuaber,  and  the  distribution  of  pressure  gradient.  Mere  f  is  the 
Coriolia  parameter  2uein4>,  and  Vg  the  free -stream  velocity,  in  is  the  earth’s  rate  of  rotation  and 
<J>  the  latitude. 


Ill .  The  behavior  of  the  Variances  in  the  Boundary  layer 

According  to  Montn-Obukhov  similarity  theory,  the  non-dimensional  ration  ou/u„,  °v/u*  ®nd 
Ov/u^  are  functions  of  Ri  or  */l  only.  Here  o  stands  for  standard  deviation,  and  subscripts,  u,  v 
and  w  for  longitudinal,  lateral  and  vertical  velocity  components,  respectively. 

Figuree  1  end  2  show  these  relationships,  as  determined  by  Prasad  and  Panofaky  (1967)  free* 
observation*  at  many  locations.  The  Monin-Obukhov  prediction  fits  best  to  the  statistics  of 
vertical  velocity.  In  fact,  over  the  range  -0,5  <  Ri  <  0.2,  the  ratio  aw/u„  is  essentially 
constant  and  equal  to  1.3;  this  fact  a.  Sq.  (2)  make  it  possible  to  determine  the  fluctuations 
of  vertical  velocity  from  measured  wind,  temperature  gradients  and  ground  roughness.  For  negative 
Ri  of  largo  magnitude  ("free  convection"),  varies  as  (s/L)1' 3(  ever  up  to  heights  exceeding 

that  of  the  surface  layer  (see  Myrup,  1967). 

The  ratio*  ou/t^  and  ov/u#  show  systematic  variations  from  place  to  place,  suggesting  that 
,.'.~~.ain  features  of  large*  scales  than  those  characterised  by  x0  influence  their  behavior.  Also, 
there  la  a  tendency  for  the  ratio  av/uA  to  inc^tae  toward  large  positive  Ri,  suggesting  the 
existence  of  small-scale ,  horlsontal  motions  besides  mechanical  turbulence  and  heat  convection. 

In  general,  thate  ia  very  little  vertical  variation  of  the  various  standard  deviations  in  the 
surface  layer.  A  final  cherecterietic  of  the  various  ratios  appears  to  be  that  they  are 
relatively  unaffected  by  terrain  heterogeneities. 

According  to  Monia-Obukhov  similarity  theory,  the  standard  deviations  of  scalars  such  as 
tempsretuxa  (oT)  are  deecrlbcd  by 

aT/T*  -  t>Ti*  A.)  (5) 

where  T*  la  given  by  -H/0.4  <^pu*  end  <bj  is  a  universal  function.  Squation  (5)  appears  to  fit 
the  few  existing  data,  but  iaPnot  wall  established.  For  negative  Ri ,  ia  given  approximately  by 


1-3 


(1  -  18  */L) 


-1/2 


(6) 


Presusably,  the  same  expression  describes  the  behavior  of  the  fluctuations  of  other  scalars. 


IV.  Spectra  of  Atmospheric  Vs  iblna  at  High  Frequencies 

a.  Spectra  of  wind  coaponents ,  There  exists  now  considerable  evidence  that  Taylor's  frossn- 
wave  hypothesis  is  satisfied  at  high  frequencies;  sore  will  be  said  about  the  applicability  of  this 
hypothesis  later.  In  any  case,  it  is  possible  to  interpret  local  time  spectra  of  *etaoro logical 
variables,  particularly  at  high  frequencies,  to  represent  one-diaenslonal  Eulerian  space  spectra  in 
the  direction  of  the  mean  vind. 

There  now  xists  overwhelming  evidence  that  Kolmogorov's  lav  for  the  inertial  subrange  fita 
spectra  of  the  hcrlaontal  velocity  components  in  neutral  and  unstable  air  veil,  provided  that 
the  height  is  equal  to  or  larger  than  the  wavelength.  In  fact,  the  law: 

S(k)  »  be2/V5/3  (7) 


fits  one-dimensional  longitudinal  spectre  even  to  smaller  wave  nissuera  V.  Here  e  is  th« 
dissipation  rate.  The  "universal  consts.it"  b,  in  Eq.  (7)  is  now  well  determined  at  about  0.5 
for  longitudinal  spectra  when  k  is  measured  ir,  radians  pet  unit  length.  This  result  fits 
observations  in  the  see,  the  air  and  iu  the  vind  tunnel.  Of  course,  the  constcnt  for  lateral 
spectra  is  sbout  0.66. 

Because  the  constants  can  now  be  regair1-  as  well  known,  it  is  possible  to  use  Eq.  (7)  to 
determine  the  dissipation  e  from  measured  spectra.  This  estimate  of  dissipation  can  then  fce 
combined  with  estimates  of  the  production  rates  of  turbulent  energy,  ana  of  the  turbulent  diverg.nce 
of  energy  f!  ,  in  order  to  understand  th'  turbulent  energy  budget.  So  far,  to  the  author's 
knowledge,  ail  these  terms  have  been  measured  cnly  by  Record  and  Cramer  at  HIT,  Round  Hill  Field 
Station,  South  Dartmouth,  Massachusetts  (1966).  Here,  as  reanalysed  by  Busch  and  Panofsky  (1968) 
dissipation  was  balanced  locally  by  mechanical  and  buoyant  production,  with  the  divergence  term 
being  unimportant.  This  result  contradicts  an  earlier  conclusion  based  on  the  less  complete 
observations  at  Brookhaven  (see  Lumley  and  Panofsky,  1964) 

Recently,  spectra  of  wind  components  were  obtained  from  six  levels  (18  m  to  150  m)  on  the 
tower  at  Cape  Kennedy,  Florida,  during  convective  conditions.  The  results  were  .omplex;  at  18  m, 
the  dissipation  could  be  balanced  by  mechanical  production  alone,  implying  th  .c  buoyant  production 
was  balanced  by  the  divergence  tern.  On  the  otter  hand,  the  dissipation  at  the  five  levels  between 
30  m  and  150  m  could  be  fitted  to  the  equation: 


F 


1-1/4 
K‘  Rieff J 


(8) 


derived  f-  xn  the  assumption  of  a  local  balance  of  buoyant  production,  mechanical  product  it  and 
dissipation.  In  this  equation,  Rieff  is  an  effective  Richardson  rnssber  obtained  by  vertical  linear 
extrapolation  of  the  measured  Richardson  nunb>  r  between  18  and  30  m.  oM  is  ths  friction  velocity 
at  the  surface.  These  results  agree  with  Busrnger's  hypothesis  (unpuollshed)  that  the  flux 
divergence  term  is  most  Important  at  low  levels.  In  any  case,  Eq.  (8)  can  be  used  In  practice  to 
estimate  dissipation  rates  up  to  150  a  and  therefore  the  high-frequency  components  of  ths  spectra 
of  velocity  components  at;  these  levels,  from  observations  near  the  ground  cnly. 

The  existence  of  an  inertial  range  in  the  spectrin  of  '.he  vertical  velocity  la  less  clear. 
Observations  quite  close  to  the  ground  often  suggest  less  energy  in  the  vertical  velocities  than 
in  the  longitudinal  velocities  at  high  frequencies.  South  Dartmouth  observations,  analysed  by 
Buach  and  Panofsky  (1968)  and  recent  unpublished  spectra  obtained  from  aircraft  flying  in  th# 

U.S.  Air  Force  L0-LC":.T  project  and  in  CAT  (Fig.  3)  suggest  that  the  -5/3  law  with  the  proper 
universal  constant  for  lateral  components  exists  only  as  long  as  the  height  is  at  least  seven  times 
the  wavelength.  In  other  words,  local  Isotropy  exists  only  for  wavelengths  much  shorter  than  often 
assumed,  and  for  wavelengths  much  shorter  than  those  for  which  the  horixontal  velocity  components 
obey  the  Kolmogorov  lew. 

Sosa  new  observations  have  became  available  recently  which  point  to  the  existence  of  a  buoyant 
range  in  the  boundary  layer.  Lumley  (1967)  suggested  that  the  most  likely  piece  for  s  buoyant 
range  would  be  in  turbulence  maintained  ty  import  from  another  region.  A  similar  conclusion  was 
reached  by  Lin,  Panchei  and  Cjrmek  (1969)  In  particular,  then,  buoyant  subranges  might  be  found 
in  a  slightly  hydroststicslly  stsble  lsyer  above  an  unstable  'ever  near  the  ground.  Evidence  for 
the  corractneee  of  this  suggestion  has  recently  comm  from  three  independent  sources.  In  two  nxpers 
(Myrup,  1968  and  Lens chow  and  Johnson,  1968),  spectra  in  elevated  stable  layers  vmre  measured  from 
airplanes;  in  the  third  (Busch  and  Panofsky,  19&8),  spectra  of  vertical  velocity  had  bmen  obtained 
by  sonic  anemometer  on  the  1500-ft  tower  near  Dallas.  Tsxs*  by  Kaimal  and  Hiugsn  U967)  ■  In  all 
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cist a,  the  spectra  are  consistent  with  the  hypothesis  that  the  spectral  densities  vary  as  k’  . 
Unfortunately  no  spectra  of  scalars  have  been  obtained  under  these  conditions. 

b,  Spactrs  of  sc. Tars  at  high  frequencies.  According  to  inert? “1 -range  theory*  the  high 
frequency  portion  of  the  one-dimensional  spectra  of  scalars  (except  pressure)  follow  the 
equs  .on: 

S  (k)  -  c£1/3N  k~5/3  (9) 

9  9 

Here,  q  represents  an  arbitrary  scalar,  and  the  rate  of  dissipetion  of  fluctuations  of  this 
scalar . 

There  cow  exist  nuaerous  spectra  of  temperature,  aoisture  and  refractive  Index,  obtained  frcra 
towers  and  aircraft,  showing  that  the  spectral  densities  Indeed  vary  as  k~^'  .  Some  of  these  were 
summarised  by  Obukhov  and  Yagloa  (1967) . 

In  spite  of  Che  difficulty  of  obtaining  estimates  of  N,  there  la  now  considerable  agreement 
about  the  constant  c  in  Eq.  (3).  Largely  as  a  result  of  studies  by  Gibson  and  Sch«ars  (1963), 
Grant  «t  *1  (196o/,  Gurvich  and  Zubkovski  (1966),  Gurvich  and  Xeleshkin  (1966)  Panofaky  (It 69) 

It  now  appears  that  c  equals  about  0.7,  If  k  is  measured  in  radians  per  unit  length.  Of  course, 
the  corresponding  constant  in  the  structure  function  is  about  2.8.  The  knowledge  of  this  constant 
now  makes  it  possible  to  estimate  S)  from  fluctuation  statistics  of  wind  and  of  the  scalar,  or  from 
statistics  of  wind  fluctuations  and  properties  of  scsttared  *_;#*.  So  far,  within  the  errors  of 
measurement,  N  seems  to  be  equal  to  the  rate  of  production  of  the  fluctuations  of  the  scaler  —  * 
statement  which  cannot  possibly  have  much  generality,  particularly  over  heterogeneous  terrain. 

Spectral  intensities  of  pressure  should  vary  as  k~7/3  in  the  inertial  range.  Actual 
measurements  (Gorshikov,  1967)  do  not  contradict  this  possibility,  but  there  Is  so  much  variation 
in  the  spectra  from  case  to  case  to  make  any  definitive  ctet.oment  of  the  power  of  thia  law 
impossible  as  yet. 


V.  Eulerian  Time  Spectra  in  the  Energy-Containing  Range 

a.  The  spectrum  of  vertical  velocity.  According  to  Monin-Obukhov  atm  -rity  theory,  the 
spectrum  of  a  velocity  component,  in  Live  -  rfaeo  layer  is  given  by 

a/L)  (10) 


where  f  2  kr. 


Up  to  a  height  of  about  50  m,  the  observations  of  .ortical  velocity  agree  quite  well  with 
Bq.  (10).  Further,  for  e  large  renge  of  etebllitlt*.  we  can  replace  u*2  un  the  left  of  Eq.  (10) 
by  0.6  cw2  where  ow2  )■  the  variance  of  vertical  velocity.  Only  for  extreme  instability,  ia 
smaller  relative  to  Ow-‘. 

There  is  now  considerable  evidence  that  the  relation  between  F  and  k*  for  a  given  Ri  Is  nearly 
u. live real  (rig.  4).  Hare  epectra  of  vertical  ocity  are  brought  together  from  aany  sources,  In 

central  or  unstable  air.  Under  such  condition*,  the  value  of  t  has  a  maxieias  of  about  0.43  for  ka 
about  0.3  -•  that  ia,  for  a  wavelength  between  3  end  4  time*  the  height.  In  stable  air,  the  value 
of  ks  at  lha  maximum  shift*  to  higher  value# . 

Since  the  shape  of  the  vertical  velocity  spectra  seems  ao  nsarly  universal,  attempts  heve  been 
mau*  to  fit  F  by  empirical  expression*  which  are  proportional  to  ks  for  small  ki  and  v»ry  at  (kx) 
for  large  ka,  Thu* .  Busch  sod  Panofakv  (1968)  recommend  for  neutral  and  moderately  unstable  air: 


ksv(k) 


3.36  f 
1  -t  lOf5^ 


fU) 


Actually  Fig.  4  doea  show  tome  difference*  between  the  ehepee  of  the  different  vertical- 
velocity  apectra;  in  particular,  over  the  ocean,  and  in  the  New  Jersey  aalfcnareh  mere  lov-f requtney 
energy  la  indicated  *N*n  tn  the  other  time  spectra  One  possible  explanation  i#  thlai  there  ia  now 
considerable  evidence  that  there  exist,  near  the  ground,  lergr  longitudinal  "eddiee"  with  exes 
slightly  inclined  to  the  direction  of  the  geoetrophlc  wind  (see,  e.g..  Fairer  and  Savior,  1966  and 
AmsII  and  Biokaon,  1968).  Over  the  oceans,  or  generally  flat  terrain,  th*«e  eddies  err  slowly 
carriad  peat  e  etatioewrv  obeerver.  thus  contributing  to  the  low-frequency  energy.  Over  rough 
terrain,  suck  addle*  are  likely  to  be  brokau  up;  however,  there  ere  isolated  instance*  where  t  ret* 
of  scream  updrafts  -very  15  minute*  or  ao  have  appeared  at  such  sites  a*  Sublette,  Kenae*  (Haugen 
at  al.  1969)  and  »rookh*v«n.  Hew  York,  where  the  generel  countryside  is  quite  fist.  Such  voriice* 
also  form  characteristic  cloud  patterns  which  have  been  oh«enred  from  satellite*.  rh*rs  eddies 
would  edd  low- frequency  energy  which  i.  not  de.cribed  by  Honin-Obukhcv  -talUrit,  « The 
airplane  ipectrua  in  Fig.  4  also  show*  too*  extra  low-frequency  energy  which  coula  be  due  to 
longitudinal  rolls. 
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Up  to  50  »,  th*  vlue  of  kx  st  the  maximua  is  essentially  constant,  Implying  that  ths  seals 
of  the  turbulence  J.n.ressiis  linearly  with  halght.  Above  this  le  *  1 ,  the  spectral  shapes  in 
neutral  and  imscable.  air  remain  the  sane,  but  kz  at  the  sax  inns  increases,  showing  that  ths  scale 
of  turbulence  increases  less  rapidly  with  height  and  eventually  beconss  constant.  Figure  5,  taken 
from  the  Dallas  measurements  to  which  vome  LO-LOCAT  airplane  spectra  have  been  added,  show  this 
behavior.  As  pointed  out,  at  these  higher  levels,  spectra  in  stable  air  no  longer  obey  the  k~5/3 
law  at  high  frequencies,  so  that  the  shape  of  ?  now  varies  with  stability. 

b.  Spectra  of  longitudinal  wind  components.  In  recent  years,  spectra  of  longitudinal  wind 
components  (or  wind  speeds)  hew  became  available  from  many  aitaa.  Some  are  published  (Barman, 

1965);  others  coma  from  vari cun  research  reports  and  unpublished  records,  covering  such  places  as 
Cape  Kennedy,  Obninsk,  USSR,  White  Sands,  N.M. ,  South  Dartmouth,  Mass.,  aa  well  as  various-  cities. 

It  is  quite  clear  that  these  spectra  do  not  follow  slallaiity  theory,  although  the  high-frequency 
portions  obey  the  Kolmogorov  law,  often  to  wavelengths  as  long  as  five  tlmns  the  height. 

tf  kSu(k)  is  plotted  as  function  of  k,  the  pssk  shifts  little  or  not  at  all  with  height;  if 
similarity  theory  applied.  It  would  be  a  linear  function  of  height  Figure  6  ahawa  an  aaaortment 
of  u-apectrs,  mostly  obtained  in  strong  winds,  and  therefore  small  Richardson  nwbers.  It  is 
clear  that  the  shape*  of  the  spectra  from  various  sices  differ  widely.  In  particular,  the  wave¬ 
length  at  ths  maxima  varies  from  several  100  to  jevsral  1000  meters.  It  is  particularly  long 
for  cities.  This  suggests  th»X  mesoscale  features  determine  the  characteristics  of  the  law- 
irsqjency  portions  of  the  u-spectra,  not  just  trie  roughness  length  i„  which  it  a  measure  of  local 
roughness .  Attempts  have  been  mads  to  fit  u-apectrs  to  empirical  formulae;  however,  euch  fits  can 
be  only  of  limited  use  for  application  over  terrain  for  which  they  have  been  derived. 

The  low-frequency  portion, «  of  u-apectra  rsact  to  changes  in  atmospheric  stability,  decreasing 
somewhat  aa  the  stability  is  increased;  for  more  detail,  the  reader  is  referred  to  the  paper  by 
Busch  at  al.  (1968). 

c.  Spectra  of  lateral  velocities.  Spectral  densities  of  lateral  velocities  (or  wind  direction) 
behave  very  much  as  those  of  longitudinal  velocities,  only  more  oo;  the  k  value  at  the  peek  of  kS^(k) 
is  nearly  Invariant  with  height.  Further,  the  low-frequancy  portions  of  the  spectra  are  extremely 
sensitive  to  change*  of  stability,  ao  that  in  stable  air,  there  ia  very  little  energy  for  freq-*nciea 
of  order  one  cycle/ainute  or  smaller  (Fig.  7).  Since  the  energy  of  the  u-componente  at  these  wave¬ 
length*  ia  still  quite  large,  "eddies"  in  stable  end  neutral  air  are  along*;***  along  th#  wind. 

However,  with  light  winds,  in  very  stable  air,  meanders  in  wind  directions  with  periods  of 
order  one  half  hour  are  poeaibla;  thus  th*  v-apectra  sometimes  ahew  gap*  between  this  very  low- 
frequency  domain  and  the  high-frequency  mechanical  turbulences  (see  Lumley  end  Fanofsky,  196*). 

d.  Spectra  of  scalars.  According  to  similarity  theory,  the  apectrua  of  temperature  is 
given  by 


kS-(k) 

— — -  -  G(f ,  Ri)  (12) 

*e 

So  far,  there  arc  very  few  places  where  Eq.  (12)  has  been  teeted,  since  usually  not  all  th* 
quantities  in  Eq.  (12)  were  evaluated.  The  few  observations  used  to  test  Eq.  (12)  show  tentatively 
that  it  is  correct.  As  an  example  of  the  normalized  temperature  spectna,  see  Fig.  8. 

It  la  likely  that  th*  spectra  of  aolatur*  and  refraettve  Indices  behave  in  an  analogous  manner 
as  that  of  temperature  but  observation*  are  not  yet  available. 


VI .  Space -Tim*  Structure 

s.  Space-tin*  structure  of  velocity  component*.  According  to  T-;lor's  hypothesis,  spaoa 
correlation*  in  th*  x-dlrection  with  time  la*  xero  are  equal  to  local  Bularton  time  corrvraulnns , 
provided  x  -  ut.  This  test  of  Taylor'a  hypothesis  has  recently  bean  repeated  by  Melnlcbuk  (196£) 
(ram  an  analysis  of  Dopplar  radar  records  of  rain  at  60  a.  Taylor's  hypothesis  Is  rsmirkably  fcoou 
at  that  halght  for  values  of  x  up  to  400  a. 

Malnlchuk  ajao  shows  a  aeries  of  complst*  spscs-timc  correlation  curves,  which  indicate  again 
that  th*  tin*  seal*  of  turbulence  for  air  following  the  m»*r  motion  la  three  to  four  time*  larger 
‘h*n  th*  local  Eultrlan  tins  acal*  of  turbulence,  in  other  words,  th*  correlation  function 
following  th*  naan  motion  1*  not  very  aifferent  from  a  Lagranglan  correlation  function. 

Th*  behavior  of  lateral  sad  vertical  correlations  with  varying  tlm*  lap#*  is  most  coe-enlemtly 
analysed  through  th*  bahavior  of  th*  coherence  between  wind  components  at  various  points,  nd  of 
the  ties  delay  between  the  arrival  of  th*  signal  at  thaaa  point*  or  th*  "alopa"  of  the  eddiea. 
Davenport  (1961)  suggested  a  kind  of  geoaetri  similarity,  according  to  which  the  coherence  should 
depend  only  on  a  stability  factor  and  on  th*  ratio  of  separation  between  the  two  points  to  wave¬ 
length,  Af.  rigure  9  shows  frem  an  example  at  White  Sands,  Mew  Mexico,  thst  this  hypothesis  i# 
well  sstisfiad;  coherences  from  aany  different  pairs  of  level*  fell  cm  th#  tm*  Uo#  if  plotted 
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"  function  of  Af.  Similar  graph*  were  prepared  with  data  from  Brookhsven.  South  Dartmouth  and 
Capa  Kennedy;  the  hevenport  similarity  theory  sees*  valid  everywhere.  Moreover,  in  each  caae,  a 
simple  exponential  fit*  the  coherence- A  f  graphs  satisfactorily . 

In  order  to  analyse  the  dependence  of  vertical  coherence  on  stability ,  the  val-»  of  Af  for 
a  coherence  of  0.5  was  plotted  a*  function  of  Richardson  number  (Fig.  10).  In  general,  coherence 
increase*  with  decreasing  stability.  However,  in  unstable  eir,  the  coherence  et  Cape  Kennedy  i- 
significantly  less  than  alaewhere.  The  reason  is  unte.  n.  Lateral  velocity  behaves  in  a  aieilar 
fashion. 

In  usutral  air  (strong  winds),  tha  coherence  of  wind  speed  hee  been  analysed  at  additional 
•is  *  by  Davenport  (1967)  and  Shiotanl  (1968).  All  data  agree  fairly  well  with  the  equation: 

coh(n)  -  e"16  Af  (13) 

where  Af  can  be  computed  fra*  Af  ■  nA*/V  (A*  is  the  vertical  separation,  n  Eulerlan  frequency  and 
V  the  aeen  wind  in  the  layer  Ax). 

In  shear  flow,  a  gust  will  arrive  at  the  top  of  a  tower  before  it  arrives  lower  down.  The 
"eddie*"  slop*  with  the  wind  sheer.  Such  slopes  defined  by  Ax/Ax  were  analyzed  at  four  separate 
locations,  and  were  always  larger  (longer  delay  between  arrival  et  different  levels)  for  the 
lateral  component  v  than  for  u.  Generally,  the  elopes  varied  between  0.5  and  1  for  the  u-ccnponeate 
and  between  1  and  3  for  the  v-coapooenta .  They  tended  to  decrease  with  height  (see,  e.g..  Fig.  11). 

Shlotani  (1967)  has  analysed  lateral  coherence  between  wind  conponanta  at  40-a  height  in  strong 
winds,  with  reparations  up  to  100  a.  Again,  Davenport's  hypothesis  is  correct,  and  exponentials  fit 
the  relations  between  coherence  and  ratio  of  separation  to  wavelength.  Tn  fact,  Eq,  (9)  is  valid 
if  Af  is  red* f load  as  tha  ratio  of  lateral  aaparatlon  to  wavelength.  The  sane  relation  is  also 
valid  In  wind  tunnels  (ace  Davenport,  1563).  Of  course,  it  should  be  reiseabered  that  Shlotanl's 
ot  xrvatlona  war*  taksn  in  strong  winds,  and  therefore  Eq.  (9)  smpliee  to  lateral  coherence  when 
Richardson  amber*  are  aaall.  The  fact  that  Eq.  (9)  applies  both  in  the  vertical  and  lateral 
oxrectloo  suggests  circular  syeaetry  in  vertical  planes  at  right  angles  to  the  wind  in  hydrostatically 
neutral  air,  attesting  atreaawise  vortices.  It  would  be  taaptlng  to  suggest,  for  the  wind  speed  or 
longitudinal  ‘ nd  emponant: 


. ,  .  -16  ^ 
coh(n)  *  e  V 


(14) 


where  r  is  any  separation  In  a  plane  et  right  angles  to  the  seen  wind,  and  V  Is  the  me  '  wind 

speed. 


b.  Space-time  correlations  for  scalers,  M.  C.  Thompson  (1968)  determined  structural 
characteristic*  of  refractive  index  by  measuring  croes  correlations  in  three  Cartesian  directions, 
for  separations  up  to  150  ca  near  the  ground.  He  did  not,  unfortunately,  test  Davenport  geometric 
similarity.  A  later  examination  of  hla  data  suggssted  chat  Eq.  (13)  Is  valid  for  the  largest 
saparatloo  measured,  but  the  coherence  decreases  more  r lowly  with  Af  for  smeller  separations.  Aa 
in  the  caae  of  the  wind  components,  the  Index  fluctuations  at  the  top  of  the  vertical  mast  precede 
those  at  the  bottom,  and  L.,a  slope  again,  is  of  order  one.  The  same  result  follows  from  sn 
analysis  of  temperature  fluctuations  at  South  Dartmouth  where  the  delay  of  ti.e  temperature  is 
about  tha  same  aa  that  for  the  longitudinal  wind  coopooent. 

Alee,  the  refractive  index  correlations  along  the  wind  were  highest  when  the  separation  and 
time  delay  arm  related  by  a  "  ut  In  agreement  with  Taylor’s  hypothesis.  Thompson  also  shows  that 
tha  lateral  seals  of  tha  refractive  Index  ia  considerably  smaller  than  the  longitudinal  scale, 
and  vertical  scale  is  near  the  lateral,  again  making  circular  symmetry  a  possibility  In  streng  winds. 

Finally,  se  e  comments  will  be  made  on  Lagrangian  time  correlations.  Their  teals  team*  to  be 
about  the  sate  s  that  of  lulerien  correlations  following  the  mean  motion. 

Angel!  '*  study  (1964)  of  constant- 1*--1  tetrahedral  balloons,  compare,,  to  records  made  by  s 
vertical  veae  at  2500  feet  suggests  that  U.e  ratio  of  the  scale  i  Lagrangian  time 
that  of  local  Eulerlan  time  correlations  Is  Inversely  proportional  to  the  relative 
latonalty.  t  ia  here  suggested  that  this  ratio  6  is  best  represented  by 

o 


idiere  o  la  the  etsadard  deviation  of  the  velocity  component  involved.  This  result 
result*  fairly  well  aa  wall  aa  thoae  summarised  by  Lumley  and  Fsnofsky  (1964). 


correlations  to 
turbulence 

(15) 

fits  Angell's 
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VII.  Structure  of  CAT 


In  the  free  atmosphere,  shear  layers  can  develop  which  are  analogous  to  "fronts":  air  masses 
of  differing  temperatures  and  motions  are  brought  together  along  a  narrow,  sloping  volume,  across 
which  both  temperature  gradients  and  wind  shears  are  large.  The  vertical  extent  of  such  layers  is 
from  about  100  to  1000  m.  Since  the  Richardson  numbers  are  inversely  proportional  to  the  square 
of  the  vector  wind  shear,  they  can  become  small  and  dip  below  the  critical  value.  At  that  point, 
unstable  Kelvln-Helmholtz  develop,  grow  and  change  into  turbulent  flow.  This  process  has  also 
been  observed  in  the  laboratory  and  in  the  ocean. 

-5/3 

Aa  mentioned  before,  spectra  obtained  in  CAT  invariably  show  a  k  region  end  local  isotropy 
for  high  wave  numbers.  There  is  less  agreement  about  the  structure  et  lower  wave  numbers.  Flights 
along  and  across  the  flow  suggest  the  existence  of  longitudinal  rolls,  aa  discussed  for  the 
turbulence  in  the  atmospheric  boundary  layer. 

There  is  also  some  indication  that  the  Impetus  for  the  breaking  of  the  waves  may  be  given  by 
mountain  waves,  which  have  wavelengths  of  rder  o'  several  kilometers.  These  « -ves  are  sometimes 
seen  in  the  registrations  of  tie  velocity  components.  It  is  also  clear  that  mountains  produce 
locally  subcrltlcal  Richardson  mmbera,  even  when  the  average  Richardson  ntmbers  are  too  large  for 
turbulence.  This  accounts  for  the  spottiness  of  some  of  the  CAT,  as  well  as  for  the  fact  that  it 
tends  to  be  relatively  frequent  and  severe  over  mountains. 

In  general,  the  total  turbulent  energy  in  CAT  tends  to  Increase  with  the  vector  wind 
difference  across  the  1  front”,  and  is  not  well  correlated  with  the  Richardson  mmber,  provided  that 
the  Richardson  number  is  small  enough  to  permit  the  formation  of  CAT. 
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Figure  4.  Coapariaon  of  vertical-velocity  spectra  in  neutral  to  slightly  unstable  air  at  various 
locations,  a.  LO-LOCAT,  76  a  (averaged  neutral  and  unstable,  fc.  South  Dartaouth,  15 
to  91  a  (neutral),  c.  Dal1 -s ,  46  a  (unstable),  d.  Hanford,  3  and  6.1  a  (neutral), 
a.  New  Jersey  saltaarsh,  2  to  4  a  (aoderately  unstable),  f.  Over  sea  car  Vancouver 
'’sis  tab  Is) . 


Figure  5  Variation  of  vertical-velocity  spectra  with  height  in  neutral  to  slightly  unstable 
air.  ftallaai  a.  46  a;  b.  137  a;  c.  22*  a;  d.  320  a.  LO-iOCAT:  a.  229  a. 


>«, . 


Figure  6  . 


Assorted  loogltudiaal-velociry  spactra  In  neutral  air  at  various 
Louis,  76  a.  b.  Hsv  York  City,  Telephone  Bldg.,  SV  winds,  177  a. 
91  «.  d.  South  Dartaouth,  13  to  44  j  (neutral  end  unstable),  a. 
Kell  St.  Tower,  MW  winds ,  210  a.  f.  Montreal,  76  a,  g.  Hanford, 
h.  Cape  Beaoedy,  W  sad  120  a. 


ocatioos.  a.  St. 

c.  Brookhsven, 
lev  York  31ty, 

3  »od  6.1  a . 


Figure  7.  Spectra  of  lateral  velocity  at  South  Dartmouth,  Haas.  Stable:  «.  height  46  ■; 

b.  height  91  a.  Uns table,  c.  helghta  15  sod  IS  a;  d.  heights  Ac  ind  40  a.  Neutral: 
£ .  uelgh*-*  15  and  16  ■;  f.  heights  40  and  46  a. 
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Figure  S.  Spectra  of  t«aperature  at  South  Bartaouth,  Hess.  »  stable,  helgnts  15  to  91  a; 
b.  unstable,  height*  15  to  46  m. 
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Figure  9.  Typical  dependence  of  coherence  on  if,  Vhlte  Sand*,  Hev  Mexico,  level*:  2  at  22.9  a, 
3  «t  "4.1  a,  4  at  53.3  a,  5  «t  68.6  a,  6  at  91.4  a,  8  at  152.4  e. 
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Figure  10, 


Dependence  of  fgj  oa  £i6j*  for  tha  u-cuapooent .  colid  lice,  fit  to  Cape  Ksnnedv 
cite;  broken  line,  fit  to  site*  other  than  Cape  Kennedy, 


Figure  11.  Slope  of  eddlea  for  the  u-  and  v-coaponenta  of  the  vind  as  function  of  */!«. 
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The  Origins  arJ  Forms  of  Dynamic  Instability  in  Clear  Air  at  High  Altitude 

by  R.  S»  Scorer 
Imperial  College,  London. 


2.2 


The  fir^  tern  vanishes  because  it  represents  the  integral  of  an  odd  function 
which  vanishes  at  <k>  .  The  integral  in  the  second  term  is  equal  to  it  and 
so 


^AzAk 


and 


u  ■  V^AzAk  Coskx 


(2.1) 


The  rate  of  increase  of  vorticity  by  advection  at  a  point  x  ,  which  * 
equal  to  -ijAz  du/dx  ,  Is  therefore 


-%(  Az)*Ak*sinV.x 


(2.2) 


At  the  same  time  the  slope  of  the  density  discontinuity  is  such  as  to 
increase  the  vorticity  at  the  point  x  along  the  layer  at  the  rate 


-gPAz 


a_ 

dx 


A  Coskx 


gpAzAk  Sinkx 


(2.3) 


where  8  is  the  stable  stratification  in  the  layer.  If  the  sum  of  (2.2) 
and  (2.3)  is  positive  where  .  kx  is  negative  there  will  be  a  total 
accumulation  of  vorticity  at  tn-  downward  sloping  nodes,  towards  which  it 
is  being  advected)  and  consequently  the  wave  disturbance  will  grow  if 


i.e. 


iOjAz^k  >  gpAz 
k  >  2gP/^*Az 


(2.4) 


The  classical  theory  of  the  instability  of  a  vortex  sheet  shows  that  waves 
grow  i ike  exp  iir^ .  where,  in  the  conventional  notation, 


i<ri 


Pl+02 


plp2^Ul"U2')’“k^pl+p2 
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rp2}] 


(2.5) 


when  k  >  k  and 
c 


k 

c 


(p1-p2)(p1+p2)  2gAp 

g“  "frp 


(2.6) 


The  velocity  and  density  discontinuities  are  nAz  and 


8Az  and  so 


kc  **  2g8/T^' Az  (2.7) 

which  gives  the  seme  result  as  (2.4). 

Thus  the  instability  arises  because  of  the  accumulation  of  the  vorticity 
of  the  layer  at  the  alternate  nodes  of  a  wavelike  disturbance.  In  most 
steady  flows  there  is  a  balance  of  forces  and  instability  merely  means  that 
in  a  displacement  the  balance  is  disturbed  so  as  to  produce  an  acceleration 
In  the  direction  of  the  displacement.  But  in  the  flow  due  to  a  horizontal 


3.3. 


vortex  layer  in  an  invlscid  fluid  the  hydrostatic,  pressure  gradient  balances 
gravity  and  so  the  physical  forces  are  always  stabilising.  What  happens  is 
that  the  deformation  of  the  layer  produces  curved  flow  and  the  creation  of 
n  w  pressure  gradients  by  centrifugal  forces.  Some  particles  travel  down 
the  new  pressure  gradients  and  are  accelerated,  sc  that  energy  available 
from  the  mean  motion  becomes  concentrated  locally  in  the  vortices. 

Evidently  a  concentrated  vortex  layer  is  necessary  for  a  very  deep  layer 
of  uniform  vorticity  is  not  unstable  in  this  aenss.  A  discontinuity  is 
unstable  for  all  wave  numbers  greater  than  fee  ,  2nd  so  the  thickening  of 
e  layer  excludes  waves  at  the  small  end  of  the  length  range  from  in¬ 
stability.  The  general  problem  of  layers  of  finite  thickness  has  not  been 
solved  but  the  critical  wn-e  number  for  a  laver  of  uniform  tf  and  {3 
and  thickness  h  must,  if  the  B&ussin*:~q  approximation  be  made,  satisfy 
an  equ<  .iou  of  the  form 


F(^  ,  kch)  -  0 


(2.8) 


with  a  similar  equation  for  Kc  ,  the  wave  number  at  the  small  wavelength 
end  cf  the  unstable  range.  According  to  (2.7) 


kc  -  2g|3/yh 

or  kkch  -  Ri  -  (2.9) 

while  for  a  given  Ri  and  form  of  stream  profile,  we  must  also  have 

K  h  ■  const  (2.10) 

c 

which  implies  the  already  rather  obvious  conclusion  that  an  increase  in 
layer  thickness  increases  the  wavelength  at  the  small  wavelength  end  of 
the  unstable  range. 

When  instability  sets  in  on  account  of  a  decrease  in  Ri  ,  a  unique 
finite  wavelength,  determined  by  h  and  the  profile  of  Ri  ,  becomes  un¬ 
stable  first.  If  the  mechanisms  decreasing  Ri  continue  to  operate  while 
the  instability  get3  going,  the  actual  growth  rate  may  be  fairly  large, 
and  Is  likely  to  be  a  maximum  at  a  wavelength  close  to  that  which  first 
became  unstable. 

This  view  of  the  sequence  ot  events  does  not  require  the  imposition 
0'  *>  additional  criterion  to  select,  from  a  range  of  unstable  wavelengths, 

one  that  will  actually  occur. 

When  billows  occur  a  cat's  eyes  pattern  of  motto.,  develops  in  which 
the  phase  of  the  waves  is  opposite  above  and  below  the  layer,  whereas 
Initially  the  phase  is  the  same  at  all  heights.  Within  the  cat's  eyes  is 


Fig.  2  Development  of  cat's-eye  pattern. 
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a  region  of  multiple  static  instability  once  the  vortex  layer  has  become 
sufficiently  rolled  up,  and  this  must  become  mixed  up  into  a  region  of 
uniform  potential  temperature.  As  the  internal  motion  degenerat'1?  the 
mixed  region  spreads  out  under  gravity  into  a  horizontal  layer  whose  depth 
H  is  elated  roughly  to  the  original  wavelength  2x/k  by  (Scorer  1951) 


kH-t  2x/2. 7  (2,11) 


Since  the  original  instability  set  in  at  a  Richardson  number  of  less  than 
1/4  we  must  have,  according  to  (2.9)  and  (2.11)  that 


hAa 


2* 

5.4R1 
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und  so  the  instability  actually  effects  the  mixing  of  a  layer  at  least  five 
times  the  depth  of  the  origin."  1  vortex  layer. 

When  the  mixing  is  complete  ti.e  original  stable  layer  has  been  re¬ 
placed  by  stable  layers  at  the  top  and  bottom  of  the  original  layer. 
According  to  Thorpe's  experiments  (1968),  c.usped  waves  are  then  likely  to 
occur  at  these  two  discontinuities  with  the  well-mixed  fluid  protruding  in 
cusps  into  the  unstirred  region. 


3.  The  generation  of  small  Richardson  number  layers 

If  the  flow  remains  laminar  and  adiabatic  the  static  stability  may  be 
altered  by  a  velocity  field  which  varies  the  distances  between  isentropic 
surfaces.  But  the  vorticity  is  altered  according  to  the  equation 


Du 

Dt 


div  v  +  (u. 


i  +  1  x  (& 


D v 
Dt' 


(3.1) 


where  £  -  -  ^  grad*  ,  O  -  i  *<  potential  temperature 


(3.2) 


and  the  flow  is  invlscid.  The  equation  takes  this  form  because  we  can  write 
i  for  the  usual  Igradp  in  the  equation  of  motion  where 

|P  t-i 

-  xm )  y 

mV' 


JfcT 


(3.3) 


P|  being  a  standard  pressure,  and  the  other  symbols  having  their  usual 
meaning. 


The  term  in  (3.1)  in  div  v  produces  a  negligible  effect.  The 
term  (u.grad)  y  la  rero  in  2D  motion,  and  in  the  third  ter®  g  »  Djf/Dt  , 
at  any  rate  before  billows  develop.  If  the  motion  is  steady  and  q  is  the 
ai.  speed,  g  is  the  magnitude  of  J3  ,  and  suffix  0  denotes  the  initial 
state  In  horirontal  motion,  continuity  in  2D  motion  requires  that 
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const 
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The  trans?rse  component  of  vorticity  changes  at  the  rate 


gpsinf- 
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-  q  dJ 
Dt  da 


(3.5) 


where  f  is  Che  incll  .cion  of  Che  iaenCropic  flow  surfaces  Co  Che  horisuutal. 
Thus 


^2.  x  (3.6) 

% 


where  St  is  Che  verCical  displacement  of  Che  fluid  as  ic  travels  along  the 
streamline.  In  unsteady  flow  the  corresponding  equation  would  be 


$tf  -  gpJt  sin^ 


(3.7) 


The  Richardson  number  of  the  layer  is  given  by 
Ri  -  g?/(  o+  )* 

“  g8/(  0+gf°  *)*  »>y  (3.6)  (3.8) 

The  most  interesting  case  is  where  (3q  is  large  in  a  shallow  layer  initiall., , 
without  any  shear,  after  which  the  °  Ri  is  decreased  by  tilting  of  the 

layer.  Thus  Ri  ■  »  ,  and  subsequently 

c 

Ri  -  {k,oVg0o*(*x)* 

-  qVgP(ft)*  (3.9) 


In  this  it  is  seen  that  th  vortex  layer,  where  ”i  is  smallest,  will  tend 
to  occur  where  8  la  largest,  where  (fx)  is  largest,  and  q  is  smallest. 
This  is  the  most  important  case  for  us  to  consider. 

If  there  is  initially  a  stremawise  component  of  vortlcity  J  it  is 
increased  by  stretching  in  20  motion  in  a  region  of  acceleration  of  the 
flow.  At  the  eear  time  the  etatlc  stability  is  increased  by  a  decrease  in 
the  streaadine  spacing.  Thus 


»  *|n  a  (iJia)-* 

F  %  9 


*i0  (l-£q/q)  approximatsly  (3.J1) 


Thii.  "*'ows  that  a  streamwlse  acceleration  does  decrease  Ri  even  though 
p  is  increased}  but  the  effect  is  not  large.  By  contrast  if  there  is  only 
a  transverse  component  ot  vorticity  -y)  in  a  region  of  streamwlse  acceleration, 
since  tj  is  unaltered  Ri  is  increased  by  the  increase  in  p  . 

In  30  motion  the  situation  is  very  complicated  but  even  so  the  most 
significant  effects  are  due  to  tilting  and  are  effectively  represented  by 
(3.8)  and  (3.9).  The  most  common  cause  of  tilting  is  the  inclination  of  the 
streamlines  in  mountain  waves.  The  vertical  displacement  J  satisfies  the 
following  equation  in  steady  iD  flow 

VS  +  2ao  H  +  -° 

for  small  and  moderate  artplitudes  of£"  .  Here  Oo  -  du/dz  in  the 
undisturbed  stream,  and  this  does  not  initially  have  particularly  large  values 
at  levels  where  large.  The  horizontal  derivatives  of  cannot  vary 

significantly  witv  height,  and  so  where  pa  is  large  d*$Vdz*  must  also  be 
large  because  d$"/dz  cannot  be  large  in  a  shallow  layer  without  d*jT/dza 
also  being  large.  This  means  that  at  this  level  the  curvature  of  the  profile 
of  JT  is  exceptionally  large,  and  so  usually  jT  has  a  well  defined  maximum 
at  that  level.  Consequently,  levels  of  large  p0  are  very  likely  to  be  the 
levels  of  greatest  (fz)  ,  which  emphasises  the  effects  of  mountain  waves  in 
changing  Ri. 


4.  The  origin  of  the  statically  stable  layers 

It  has  Long  been  well  known  to  glider  pilots  that  the  wave  amplitude  in 
mountain  and  lee  waves  has  a  maximum  at  the  top  of  a  cloud  layer.  This 
happens  because  cloud  layers  are  cooled  more  than  the  air  immediately  above 
them  by  infra-red  radiation  to  space,  and  so  they  are  layers  of  large  pa 
and  therefore  of  maximum  £  . 

Subsidence  inversions  ate  not  commonly  produced  in  situations  otherwise 
favourable  for  mountain  waves,  but  when  they  act  as  a  limit  to  cumulus 
connection  the  subsidence  causes  widespread  evaporation  of  the  cumulus  tops 
and  a  cooling  of  the  upper  part  of  the  convection  layer.  In  general  this 
can  happen  to  anv  convection  layer  in  which  clouds  participate. 

A  ieas  obvious  source  of  stable  layers  is  a  larger  scale  instability 
in  an  airstrean  with  a  vertical  gradient  of  wind.  In  a  geostrophic  air 
stream  of  static  stability  p  ,  with  wind  gradients  du/dz  and  du/dy  in 
the  vertical  and  low  pressure  directions,  a  parcel  displaced  a  vertical 
distance  c  would  experience  a  buoyancy  force  gpc  and  so,  in  being  dis¬ 
placed  a  distance  c  would  absorb  work  of  amount 

rc 

gPcic  -  ^gPc*  (4.1) 

It  would  then  have  a  velocity  anomaly  c du/dz  as  a  result  of  the  displace- 
nant,  and  would  experience  a  coriolis  force  anomaly  fedu/d*  .  If  it 
underwent  a  horlsontal  transverse  displacement  b  in  the  direction  of  this 
-ce  it  would  receive  work  equal  to 


fbcdu/ dz 


(4.2) 
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In  this  displacement  b  it  would  acquire  a  velocity  anomaly  b(du/Sy-f) 
and  the  work  done  by  the  resulting  coriolis  force  anomaly  would  be 

%f(^-f)b*  (4.3) 

If  a1 1  the  particles  in  a  cell  of  aspect  ratio  b/c  circulated  in 
vertical  planes  transverse  to  the  motion  the  circulation  would  gain  energy 
if  (4.2)  and  (4.3)  together  exceeded  (4.1).  The  disturbance  would  therefore 
be  unstable  if 


(4.4) 


This  criterion  can  be  derived  (at  much  greater  length)  by  conventional 
perturbation  techniques. 

It  is  unusual  *?r  dn/dy  to  exceed  f  and  is  more  generally  of  the 
order  of  %f  in  typical  cases.  But  c/b  can  be  negative,  and  so  can 
du/dz  ,  and  a  real  value  of  c/b  exists  to  satisfy  (4.4)  if 

#■  >  <'-§>  <‘-5> 

If  we  write  equality  in  (4.4)  and  (4.5)  we  have  that 

(*.6) 

b  iTir-J 

-3 

which  is  typically  of  the  order  of  J  .  Thus  if  it  wet?  n  km  wide  the 
cell  would  be  n  metres  deep,  and  for  a  typical  case  in  which  <W dy  -  Iff 
we  require  that 

~  >  GgP)*  (4.7) 

_3 

for  instability.  The  right  of  (4.7)  is  typically  of  the  order  of  5x10 
so  that  a  wind  shear  in  excess  of  5  m  sec*"1  kar-l  ,  which  is  quite  conmon, 

would  produce  instability. 

The  growth  race  is  necessarily  of  the  order  of  an  e-fold  increase 
in  a  day  because  the  coriolis  forces  are  the  source  of  the  instability  but 
layers  a  few  tens  of  metres  thick  with  large  vertical  gradients  of  r 
could  be  generated  in  an  airstreazn  of  large  du /dr  which  is  necessarily 
one  of  1 arge  df/dy  . 


In  Jet  streams  over  the  ocean  these  could  easily  be  generated  re-  \t 
to  produce  billows  as  soon  as  they  arc  displaced  vertically  by  flow  uver  a 
mouii.-ain. 
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5.  The  significance  of  billow  clouds 

The  forms  of  clouds  are  r'stly  dominated  by  the  motions  produced  by 
buoyancy  forces  due  to  the  latent  he»t  released  by  condensation.  We  have, 
therefore,  to  distinguish  clearly  those  in  which  the  cloud  is  simply  a 
passive  tracer  of  motion.  Often  a  pattern  of  motion  exists  which  becomes 
visible  at  the  moment  cloud  first  forms  and  which  is  modified  when  the 
buoyancy  forces  become  large.  Generally,  when  cloud  is  only  just  above  its 
condensation  level  it  is  a  good  passive  tracer,  and  the  wavy  swtion  over¬ 
turning  into  rolls  can  often  be  seen.  Billows  are  by  far  the  most  common 
clear  air  motion  pattern  seen  in  this  way.  Various  features  of  convection 
from  hot  ground  can  be  seen  when  the  thermals  just  begin  to  reach  the 
condensation  level,  and  cirrus  streaks  and  aircraft  condensation  trails 
show  up  various  rather  slow  motions  deforming  the  airi  otherwise  only  billows 
are  common,  and  show  that  t.he  billow  form  of  dynamic  instability  is  the  most 
important  one.  We  are  concerned  therefore  with  a  quite  specific  form  of 
' turbulence ' ,  and  not  with  a  vague  kind  of  3D  eddying  motion  presumed  to 
draw  its  energy  from  the  shear  of  larger  scale  motion. 

On  the  ot*i«r  hand  not  all  billow  clouds  are  formed  by  the  generation  of 
shear  at  very  stable  layers.  Many  are  a  form  of  cellular  overturning  which 
is  arranged  in  rolls  by  a  rather  small  shear  in  the  overturning  layer.  It  is 
not  profitable  to  think  of  such  motions  in  terms  of  cellular  convection 
patterns  in  viscous  fluids  and  it  is  probably  more  appropriate  to  think  of 
the  reduction  of  the  Richardson  number  by  a  decrease  in  3  .,-hich  eventually 
becomes  slightly  negative  than  an  increase  in  the  Rayleigh  number  in  which 
the  coefficients  of  heat  and  momentum  transfer  are  quite  meaningless  in  this 
context. 

The  radiative  heat  loss  from  the  top  of  a  layer  of  cloud  fairly  quickly 
renders  the  cloud  layer  statically  unstable.  The  overturning  is  nevertheless 
very  slow  by  comparison  with  that  in  Helmholtz  instability.  The  cells  are 
arranged  across  the  shear  vector  because  the  vorticity  generated  by  the 
buoyancy  forces  is  small  compared  with  that  already  present  which,  therefore, 
determines  the  direction  of  overturning.  The  fact  that  the  upper  and  lower 
surfaces  are  n^t  rigid  means  that  a  pattern  of  motion  like  the  cats-eye 
vortices  can  develop,  with  all  the  cells  rotating  in  the  same  direction, 
since  they  do  not  have  any  common  boundaries  on  which  velocities  of  opposite 
sign  would  have  to  be  present.  When  the  vorticity  generated  by  buoyancy 
forces  Is  dominant  the  motion  takes  the  form  of  streets  aligned  along  the 
shear  vector,  with  opposing  rotation  in  adjacent  ceils. 

If  riie  billows  formed  in  the  way  described  are  indeed  a  form  of 
“elmhoits  instability  the  velocities  will  clearly  be  small,  when  Ri  is 
reduced  by  a  decrease  in  3  ,  compared  with  the  other  case  in  which  -n  is 
increased.  ' 

Convection  or  billows  in  cloud  layers  can  leave  a  cellular  pattern  of 
humidity  in  the  air  when  the  cloud  evaporates.  The  pattern  reappeare  when 
condensation  of  cloud  next  occure.  In  the  cm  an time  the  air  can  remain 
unstirred  with  the  decrease  in  density  due  to  high  humidity  being  exactly 
compensated  for  by  a  lower  temperature  tt  which  la  approximately  equal  to 
one  eixth  of  the  wet  bulb  anomaly. 

Mien  a  • table  layer  la  overturned  and  well  mixed,  it  ie  replaced  by  two, 
probably  thinner,  stable  layers  at  the  top  and  bottom  of  the  mixed  layer. 
Consequently,  in  passing  through  mountain  waves  billows  of  different  wave¬ 
lengths  and  orientations  may  be  formed  at  almost  the  same  level.  &ach  set 
of  billows  may  leave  it  :»  imprint  on  the  humid  /  distribution,  so  that  a 
clou!  layer  may  appear  to  have  several  sets  ot  Hows  in  it  simultaneously. 
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6.  Other  forms  of  clear  air  turbulence 

In  emphasising  billows  as  the  dominant  form  of  dynamical  instability 
in  the  free  air  we  oust  not  appear  to  assert  that  it  is  the  only  form  of 
clear  air  turbulence  at  cheae  altitudes.  There  are  other  possibilities, 
but  most  of  the  likely  ones  invoke  hydrostatic  instability  or  the  presence 
of  rough  ground.  In  particular,  all  other  forms  of  'turbulence*  in  gravity 
waves  require  hydrostatic  instability,  and  they  come  outside  the  scope  of 
this  paper.  Reference  may  be  made  to  the  books  and  papers  listed  at  the 
end. 


Scorer,  R.  S.  1951  Billow  clouds.  Quart. J.R.Met. Soc.  7£,  235. 

1954  Theory  of  airflow  over  mountains  III 

Airstream  characteristics  (esp.  fig.  2) 

Quart. J.R.Met. Soc.  80,  417. 

1958  Natural  Aerodynamics,  pp.  loi-4  and  243-4. 

(Pergraon) 

1961  Paper  no.  7  in  R.A.E.  Symposium  -  Atmospheric 
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(H.M.S.O. ) 

1970  A  Colour  Encyclopaedia  of  Clouds, 

Chapter  6  -  Billows.  (Pergamon,  in  press). 

Scorer,  R.  S.  and  Wexler, 

H.  1963  A  Colour  Guide  to  Clouds,  plates  32,  33. 

(Pergamon) 

1968  Cloud  Studies  in  Colour,  plates  61-64  and 
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liountain  eaves  are  one  possible  source  of  high  altitude  disturbances  sufficient  to  affect 
the  operation  of  an  aircraft  ^the  other  chief  source  is,  of  course,  thundarstome) .  Clear  air 
turbulence  (CAT)  enoou iters  arc  oornaon  at  and  below  the  tropo pause  in  conjunction  with  vara 
activity  ever  oountainou  terrain.  It  is  also  known,  from  experience  in  gliders  and  from 
"Bother  of  pearl"  clouds,  thet  mountain  waves  prop: gate  through  the  trepopauae  well  into  the 
stratosphere.  Inforraaticn  on  the  wavelengths,  amplitudes  and  associated  turbulence  of 
stratospheric  waves  is,  however,  ruthur  sparse  and,  in  view  of  the  growing  :'nter*et  in  the 
stratosphere  with  the  advent  of  the  supersonic  transport  aircraft,  i i  was  felt  to  be  important 
to  c^n  a  greater  understanding  of  the  nature  ani  magnitude  of  4iaturba.uice  in  the  stratosphere, 
lhe  stratosphere  is,  ia  general,  a  stable  layer  in  which  it  was  anticipated  that  dis  Urbane  wa 
transmitted  throu^i  the  tropop'use  would  bo  daoped  out.  It  was  known,  however,  tliat  in  som 


conditions  disturbances  could  propogate  into  and  be  amplified  in  the  stratosphere  but  it  was  not 
clear  under  what  conditions  or  how  frequently  this  occurred1 *2. 


'.7! die  the  primary  purpose  of  the  present  tests  was  to  investigate  the  nature  and  magnitude 
of  disturbances  in  the  stratosphere,  it  was  also  considered  important  to  assess  their 
predictability.  Tropospheric  mountain  waves  can  be  predicted  wit)i  .'oae  confidence  from 
meteorological  considerations  3  and  it  was  hoped  that  tlds  exercise  would  provide  data  iron 
which  the  propogntion  of  tropospheric  waves  into  the  stratosphere  could  be  forecast  with  similar 
success.  In  addition  it  was  hoped  to  gain  a  feel  for  the  circumstances  in  which  nountaia  waves 
contained  marked  turbulence  and  chaiyjes  in  outside  sir  temperature. 

Hie  Canberra  ?R  7/?  HI  793  operated  by  Aero  flight,  RAE  Bedford,  was  based  at  tile  RASA  aaes 
Research  Center,  California  fro a  late  January  until  tio  end  of  February,  1967  on  Project 
fAVERIBER,  a  part  of  the  general  HAi  programs  of  reaearcii  on  High  Altitude  Atoospharic 
Biaturfcances.  Thirteen  flights  were  made  over  mountainous  terrain,  mainly  in  CaliforrJ.a  and 
Nevada,  but  cn  one  occasion  over  Utah  (see  Pig.  t).  A  f ’ 3  aircraft  operated  by  the  Canadian 
National  Aeronautical  'Establishment  (NAE)  was  also  based  at  Aaea  during  Ffcbrv  1/  and,  00  many 
occasions,  it  flew  at  the  sane  time  and  in  the  sobs  area  as  the  Canbarra.  e  la  «r  f  e«  it 

and  above  the  trope  pause  up  to  50,000  ft  (once  to  54,OOC  ft'-  "bile  the  Tf  3  av  at  and  just 

below  the  tro;»pauso. 

Sacii  flight  was  planned  on  the  basis  of  a  tropospheric  mountain  wavs  forecast  (see  Appendix 
A)  made  by  a  aeuber  of  the  trials  tear.'  based  on  information  provided  by  the  leather  Bureau 
Office  at  fan  Fb’anc.  soo  International  Airport.  fountain  waves  are  likely  so  be  found  when  there 
is  a  fairly  strong  wind  component  at  rigiu  angles  to  a  mountain  range  (20  kt  or  more  at  bout tain 
top  height,  inc  >asiug  at  greater  height)  and  t!ie  taoueinturo  profile  shows  stability  near 
mountain  top  height.  Upper  &i~  reports  from  civil  airlines  and  liourly  aloud  reports  from  the 
surface  ware  also  t  Jten  into  account,  dheotver  possible  tie  aircraft  flaw  over  an  area  wimre 
strong  tropospheric  lee  wave  activity  was  forecast.  On  some  cooaaions ,  however,  strorv;  *:"* 
activity  was  out  of  range,  and  on  these  days  flights  were  node  in  the  rrwe  nearest  to  base  where 
any  wave  activity  was  ejected.  Several  horisontai  lego  displaced  et  height  internals  of  fro* 
one  to  fire  thousand  feet  fixxi  one  another  were  non. illy  flown  from  about  X  n  unmind  of  the 
mountain  to  CO  nm  downwind.  Cn  a  few  occasions  the  track  was  across-wind,  parallel  to  the  'dew 
and  some  X)  ns  on  the  doumind  si  ’e.  The  flight  levels  were  c!»sen  in  early  fll.fits  or.  the 
basis  of  the  height  of  the  tropopauae  but  in  lat  r  flignts,  ir.  the  light  of  experience  gained, 
the  aircraft  Hew  at  Uie  hei<Jit  of  discontinuities  in  tlw  wind  or  temperature  ivafile  In  the 
stratosphere,  tost  of  the  runs  were  in  the  lowest  if, 000  ft  of  the  stratosphere,  •ion  the  T33 
accompanied  tile  Ounberra,  It  patrolled  the  region  of  the  tropopause  along  the  saoo  ground  track 
and  »t  the  am  time. 


Nine  of  the  13  flights  yield.!  valuable  data  and  t'  ese  fr.m  the  basin  of  the  disouesiog. 
Hi  results  obtained  by  the  TJ3.  which  in  also  fully  instruwented,  arc  published  separately-. 


2.  H-fl  TSS?  AIRJSAFT  Ain  rb'STTRbCgf'ATIf:; 

Canberra  *!?  793  is  the  F9  prototype  'evelopod  f-on  the  PN7  by  increasing  the  wing  area, 
fitting  n ore  powerful  engines  and  powered  aileron  r  ’  ’>Wer  oortrols.  The  aircraft  in  fitted 


•  "Disturbances"  i«  used  tiiroughoul  th-'n  paper  to  indicate  any  phenomenon,  such  as  gunts  or 
changes  in  outside  air  temperature,  which  mi  Jit  affo't  the  operation  of  an  aircraft. 


3-2 


with  wing-tip  tanks  one  of  which  contains  a  weather  radar  antenna  a nu  the  other  a  forward 
looking  16  m  oamera.  There  is  also  a  nose  pole  carrying  an  incidence  vane  and  a  pitot  head, 
supplying  pitot  and  static  pressure  tc.  the  pilot's  instruments  but  pitot  pressure  only  to  the 
recorder.  The  static  pressure  for  the  recorder  is  provided  by  verves  on  the  side  of  the  fuselage 
and  this  gives  rise  to  a  difference  between  pilot  reported  and  recorded  height  and  airspeed 
which  has  been  allowed  for  in  the  analysis.  Navigation  aids  include  T.’.CAH  and  doppler. 

Recordings  were  mode  on  two  oscillograph  recorder.::  running  "alow"  and  "fast"  respectively. 

The  alow  recorder  measures  airspeed,  barometric  height,  normal  acceleration,  outside  air 
iet,t  .rature,  elevator  angle  and  pitch  attitude.  In  addition  this  recorder  was  used  to  givo 
time  sj  'hrcnisatlon  by  means  of  "event"  marks  by  the  pilot  or  navigator,  and  by  synchronous 
pulses  from  the  fast  recorder  and  camera.  The  fast  recorder  duplicates  measurements  of  outside 
air  temperature,  elevator  angle  and  pitch  attitude  in  addition  to  measuring  incidence,  pitch 
rate  and  a  more  sensitive  normal  acceleration. 

The  slow  recorder,  wldch  ran  throughout  the  flight,  was  used  tc  calculate  the  long  wavelength 
components  of  the  waves,  to  edit  the  fast  recorder  records,  and  to  provide  temperature  information 
at  varying  heights  to  supplement  the  c  cventional  meteorological  radiosonde  measurements.  The 
fast  recorder  has  limited  duration  and  1.  only  switched  on  when  the  pilot  oo nailers  that  a 
significant  event  is  occurring  or  is  about  to  -ccur.  The  fast  recorder  record*  were  used  to 
measure  fine  detail  and  true  gust  velocities  in  the  more  turbulent  regions. 

The  transducers  used  for  the  recordings  are  conventional  instruments  with  induotiva  pick- 
off,  exospt  for  the  pitch  attitude  information  -hi oh  is  obtained  from  a  standard  aircraft 
hosison  gyro  ur.it  with  &  potentiometer  fitted.  Outside  air  temperature  is  measured  by  a 
Rosomcunt  1023  rapid.  response  open  platinum  element  total  temperature  sensor  .  ill  Instruments 
ww  ’  calibrated  before  and  aft?"-  the  exercise. 

3.  figmTS  OF  H,IGr~  OVER  MD3HTAIWCPS  TSRRAC1 

The  Canberra  is  well-instrumented  for  gust  research  studies.  True  air  motion  is 
ostablinhed  by  well-tried  methods  from  measurement®  in  turbulence"  but  new  methods  had  to  be 
established  to  '.educe  the  longer  wavelengths  usao slated  with  mountain  waves.  The  first  of  these, 
a  method  of  isentropio  analysis,  is  based  on  the  assumption  that  tho  vertical  profile  of 
temperature  is  the  sews  in  dieturbed  flow  over  mountains  as  it  is  upwind  of  a  ridge.  The  method 
is  suitt.ariaed  in  fig.  2  and  ia  now  described.  A  composite  upwind  stratospheric  vertioal 
tffipe^tura  profile  is  as  'bled  (left  side  of  fig.  2)  which  usually  lnh  sdes  two  or  more 
radiosonde  accents  and  the  aircraft-measured  temperature  upwind  of  the  mo  rntain  range.  From 
this  profile  a  potential  temperature  profile  is  deduced  by  assigning  to  each  height  the 
temperature  the  air  at  that  height  would  achl.-:  ! C  it  was  doeoended  adiabatically  to  the 
1,CXX...h  level  (approximately  to  sea  level).  The  aircraft-measured  temperature  along  a  run  at 
oo ns tart  height  la  converted  to  true  outside  air  temporature  by  including  the  effects  of  kinetio 
heating  and  further  converted  to  potential  temperature  (right  side  of  fig.  2).  Prom  these 
Leasurements  isentropea  (i.e,  lines  of  constant  potential  tanper&ture)  can  be  drawn  as  shewn  in 
fig,  2.  If  air  has  a  velocity  relative  to  an  isentropic  surface  and  if  the  isobario  or  height 
gradients  on  the  surface  remain  constant  with  time,  then  the  air  is  flowing  along  the  isentropio 
surface.  A  vortical  section  through  the  surface  along  the  wind  direction  will  produce  an 
isentrepe  which  will  be  a  trajectory  of  airflow.  In  mountain  wave  conditions  the  measured 
lnentropes  w 1 1  closely  correspond  Uj  waves. 

The  second  method  makes  use  of  tha  principle  of  conservation  of  energy.  If  the  aircraft  is 
trimmed  end  the  power  is  not  changed  then  waves  will  oause  changes  in  height  and  airspeed*  If 
it  Ib  assumed  that  the  wind  spend  is  approximately  constant  along  the  path  of  the  aircraft,  then 
the  measured  airspeed  chanf.es  can  be  converted  to  equivalent  height  manges  (i.e.  kinetio  energy 
is  transformed  into  potential  energy).  These  hei^it  changes  are  added  to  the  actual  height 
changes  measured  to  give  the  effective  wave  motion.  Both  methods,  which  show  reasonable 
agreement,  are  used  in  the  analysis  of  the  results. 

Canberra  V/H  793  was  based  at  the  NASA  Ames  Research  Center,  effett  Held  HAS,  California 
iron  January  30  to  tebruary  24,  1957-  In  that  time  13  experimental  and  2  other  flights  ere 
made  * u  39b  hourc  flying  time.  Significant  disturbances  were  found  on  February  3,  9,  13  and  14 
ar1  leaser  disturbance®  wars  noted  on  January  30  February  7,  10,  15  and  24-  On  the  remaining 
four  experimental  flights  (January  31,  February  6,  l6  and  20;  no  disturbances  were  found  and 
none  were  anticipated.  On  two  occasions  (February  13,  run  6  and  February  14,  run  2)  the 
disturbances  were  so  severe  that  the  pilot  partially  lost  control  of  the  aircraft  and  did  not 
regain  full  control  until  several  thousand  feet  of  height  had  been  lost.  It  is  clear  that  very 
marked  disturbances  can  exist  in  the  stratosphere  but  the  frequency  of  occurrence  of  such  events 
can. lot  be  deduced  directly  from  the  results  of  an  exeroise  suoh  as  this  where  comparatively  few 
flights  are  made  ia  areas  n elected  because  they  are  likely  to  contain  disturbed  air.  Some 
general  inferences  can  however,  w  made  on  the  meteorological  conditions  prevailing  when  the 
dioturbancaa  were  found,  and  the so  and  some  general  implications  to  the  operation  of  aircraft  are 
discussed  in  section  4. 
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In  general,  on  dare  when  the  tropoepherio  wave  intensity  was  probably  slight  to  moderate  or 
le*«,  the  stratospheric  disturbances  tare  in  the  tas*n  .uwesiuar  with  scpiitudee  of  1,000  ft  or 
less  (January  30,  February  15  aad  24),  Amplitudes  do,  bewevsr,  appear  to  vary  little  with 
height.  Trains  of  stratospheric  waves  appeared  on  only  two  of  these  days,  February  15  and  24, 
at  one  hei#it  cn  each  d*v.  The  lee  wave  amplitudes  were  less  than  300  ft  end  wavelengths  were 
approximately  equal  to  the  natural  wavelength  and  less  than  the  calculated  tropospheric 
wavelength  (see  Appendix  A).  It  may  be  concluded  that  on  the  days  of  little  tropospheric  wave 
activity  stratospheric  disturbances  are  also  slight.  The  data  from  February  7  is  not  inoluded 
since  the  only  part  of  that  flight  in  the  stratosphere  was  over  ncn-asuntainoas  terrain. 

Wien  the  probable  intensity  of  the  tropospheric  waves  was  aoderate  to  strong  or  greater 
(February  9,  10,  13  and  14)  wall  developed  waves,  as  indicated  by  the  isentropea,  were  present 
in  the  stratosphere.  On  February  9  and  10  there  were  negligible  teaporal  variations  in  the 
atmospheric!  parameters  governing  wave  structure.  The  isentropic  patterns  were  stationary,  wave 
amplitudes  were  about  1,500  ft  with  no  damping  with  height,  and  wavelengths  were  greater  than 
the  calculated  tropospheric  wavelength  an  ouch  greet®’*  the  natural  wavelength. 

On  February  13  and  14  the  aircraft  enoountered  violent  dietuxbenoes  which  caused  the  pilot 
temporarily  to  lose  control.  Die  pilot  described  the  incident  on  February  13  run  6  in  these 
terms i  "At  50,000  ft  the  aircraft  encountered  a  strong  draught  and  as  power  was  reduced  to 
fligit  idle  the  aircraft  accelerated  to  0.82  DIN  (0.02  above  t!NE)  in  a  1,000  ft  aiif1  rate  of 
descent  (octet  power  idle.)*  An  estimated  40  lb  one-handed  pull  on  the  stick  produced  little 
or  no  response  to  elevator.  Both  hands  were  then  used  and  an  80  lb  pull  reduced  speed  to 
0.80  Bffl.  Die  aircraft  was  finally  levelled  at  47,000  ft".  The  pilot  described  the  incident 
on  February  14  run  2  m  follows!  "The  alrorcft  entered  a  clisb  at  2,000  ft  mln“1  with  0?>  rpst 
with  the  BIN  increasing  from  0.775  to  about  0.79*  Suddenly,  and  without  any  warning  at  ell, 
the  IAS  dropped  in  under  one  second  from  about  198  kt  to  150  kt  at  47 1  '0  ft  ( approximately 
100  kt  true  air  speed  change).  The  airflow  could  be  heerd  breaking  away  from  tne  canopy  and  I 
was  oonsoious  of  the  aircraft  continuing  upward  even  as  I  applied  about  £  forward  stick  (this 
could  easily  be  the  effect  of  ~ve  g).  The  aircraft  bunted  over  at  about  150  kt.  ’.To  pre-stall 
buffet  was  felt  although  the  airflow  was  distinctly  heard  as  it  broke  away  over  the  oaropy. 

After  the  oiroraft  was  diving  satisfactorily  the  speed  increased  slowly  and  then  jumped  suddenly 
to  200  kt/0.81  Effl.  I  held  the  aircraft  at  0,8  and  descended  to  42,000  ft  to  gather  my  wlte. 

A  check  on  the  g  meter  showed  -1  g".  Both  days  were  characterised  by  strong  tropospheric  wave 
conditions,  by  some  change  in  the  controlling  meteorological  parameters  during  the  period  of  the 
flight  and  by  adjacent  layers  of  hich  and  low  stability  in  the  stratosphere.  The  stratospheric 
isentropes  corresponding  to  the  waves  are  shown  in  fig.  3.  Die  amplitude  to  wavelength  ratios 
of  the  isentropes  ware  the  greatest  of  the  flight  series  (with  the  exception  of  February  3, 
which  is  diseased  below).  The  wavelengths  were  close  to  the  natural  wavelength,  and  the 
vertioal  /ariation  of  wavelength  on  each  day  suggests  that  wavelengths  in  changing  meteorological 
conditions  were  determined  by  the  vertical  variation  of  the  wind  and  temperature  fields:  the 
data  from  February  15  supports  this  view.  Frequently,  in  chaining  conditions  wave  amplitudes 
appeared  to  increase  with  increasing  heij^it  or  time.  If  the  increase  is  time  dependent  then  it 
oould  be  due  to  temporal  changes  in  l..,  teorological  pruwtieters  over  a  particular  mountain  range. 

On  February  3  the  flight  was  made  ’Tore  or  less  across  wind  so  that  the  measured  isentropes 
do  n®+  correspond  to  waves  but  merely  indicate  the  presence  of  wave  flow.  On  this  day  there  were 
large  amplitude  (second  to  those  of  February  14),  sliort  wavelength  disturbances  at  tho  tropopause. 
Although  no  temporal  changes  were  occurring  during  the  flight  period  in  the  meteorological 
parameters  governing  tropospheric  lee  wave  intensity,  The  stratospheric  lapse  rate  was  again 
characterised  on  this  day  by  adjacent  layers  of  hirfr  and  low  stability. 

It  ie  impossible  on  the  evidence  of  these  few  flights  to  assess  how  far  stratospheric  wave 
parameters  are  dependent  on  topography.  All  the  flights  were  made  over  mountainous  terrain,  but 
it  should  be  noted  that  the  large  amplitude  waves  of  February  13  occurred  to  the  loo  of  mountains 
whose  oresta  were  only  3,000  or  4,000  ft  above  the  general  terrain. 

3, 2  TUrbuienoe  anil  faanerature  Changes 

In  mountain  wave  conditions  encountered  during  VJATHlIDSn  there  appeared  to  be  a  relationship 
between  temperature  change  and  turbulence.  The  tir  in  tho  troughs  of  mountain  waves  in  the 
stratosphere  is  at  a  higher  tonperature  than  the  surrounding  air  since  tile  wave  has  oaused  the 
air  to  deaoond  from  a  greater  height  and  during  thi3  descent  its  temperature  increases 
adlabatioally.  Aa  shown  below,  turbulence  tended  to  oedur  in  the  troughs  so  tliat  there  was  a 
relationship  between  turbulence  and  temperat'ire  increase  in  mountain  wave  conditions,  llot  all 
troughs  contained  pstohes  of  turbulence  and  in  some  oasos  the  turbulenoe  extended  over 
neighbouring  oreata,  however  an  increase  in  temperature  indicated  the  presence  of  the  most 
likely  location  of  turbulence.  In  addition,  tho  most  marked  and  rapid  temperature  changes  v/ere 
associated  with  the  areas  of  marked  turbulenoe. 
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The  Canberra  enoountered  soderate  or  severe  turbulenoe  on  February  3,  13  and  I4t  the  T33 
flaw  at  the  sms*  tiros  and  in  the  ine  area  bat  at  lower  height*  on  February  13  and  14 
enooantaring  marked  turbulenoe  on  February  14  but  not  on  February  13  •  In  many  oases  wlsen 
turbulence  was  «ooou.;tered  it  ooourred  with  no  warning  -  the  indioated  air  speed  trace  of  fig.  4 
(a)  shows  the  sadden  onset.  This  sudden  entry  into  turbulence  was  most  ooonton  on  rune  along  the 
direction  of  the  wind.  On  February  3  the  turbulence  increased  slowly  frcm  aligvt  to  severe 
(the  indicated  airspeed  trace  of  fig.  4  (b))  when  the  aircraft  was  flying  flor->  or  lean  across 
wind. 


In  nost  oases,  particularly  where  the  turbulence  ooourred  in  patches,  the  disturbance  -'as 
found  in  the  trough  of  a  wave.  This  ie  indioated  in  fig.  3,  though  it  will  be  noted  that  acute 
of  the  soot  nocked  troughs  ware  ouapletely  smooth.  The  sudden  onset  of  turbulence  in  tuong-oind 
flights  end  the  location  of  turbulence  in  wave  troughs  suggests  that,  in  the  horizontal  plane, 
the  t’rbclsrws  patohee  are  elongated  ellipses  with  considerable  length  across  wind  end  null 
width  along  wind.  There  is  little  evidence  on  whioh  to  base  £  suggested  vertical  extension  of 
this  ploture  (Fig.  3  (a))  and  none  at  all  to  indicate  the  nature  of  the  tenoral  dint  Uon. 

Considering  the  three  flight*  with  marked  turbulence,  it  is  net  possible  to  construct  a 
"diaatology*  of  turbulence  from  eo  little  data  but  there  are  a  one  ooomon  features  in  the 
Meteorological  environment  on  thee a  days  whion  can  be  compared  with  results  of  previous 
studies*' *«  Tropospheric  wave  activity  was  Moderate  or  strong  on  the  days  of  severe  tux  ulenoe, 
bat  this  we*  elao  the  oeae  on  February  9  end  10  when  little  turbulence  wee  encountered,  is 
suown  in  fig.  5  February  13  and  14  were  characterised  by  marked  vertical  lapse  rate  changes  in 
the  stratosphere  (as  was  February  3),  whereas  no  auoh  fine  structure  was  present  on  February  9 
and  10.  The  temperature  of  the  <.urbul  ct  air  on  February  3  and  13  indioated  that  turbulence  was 
occurring  in  the  top  of  ths  1  smi -adiabatic  and  base  of  the  stable  l"-'ers  (fig.  5)* 

3.2.2  TWsaarafare  Cfcamw 

The  greatest  temperature  ohangee  ooourred  when  strong  stratospheric  waves  were 
aoooHpanied  by  severe  turbulenoe,  Nhen  the  alraraf ;  encountered  strong  stratospberlo  waves 
without  turbulence,  a.g.  February  9  and  13  (rune  3  anil  4),  the  temperature  changes  were  not 
sort,  than  6°C  in  2  net  (3°C  p«r  to)  end  10°C  in  5  ’■*  (2°C  per  nm).  With  the  exception  of 
February  14,  temperature  changes  at  times  of  strung  stratospheric  waves  end  marked  turbulenoe, 
e.g.  February  13  (run  6),  were  about  7°C  in  1  nm  (7°C  per  no)  and  10.9°  in  2  no  (5.2?C  per  no). 
Quae  are  comparable  with  the  largest  changes  found  near  thunderstorms.  The  greatest  changes 
measured,  on  February  14,  were  shout  12°C  in  0.2  nm  (60°  per  nm)  and  20° C  in  1  no  (20°C  per  no). 
The  US'*  reported  ohangee  of  6°C  in  0. 1  nm  (60  per  nm)  and  13. 5°C  in  3  no  (4*5°C  per  no)  at 
60,000  ft  over  Bishop  in  moderate  turbulence. 

4.  MSC03SIQN  OF  RKSOLTS 

Troposphario  lee  wave  studies  have  been  mode  previously  but  there  have  been  few  reports  of 
fllghta  above  the  txopopauee  in  oonditiocs  a  .table  for  tropoapherio  lee  waves.  Only  two  papers 
are  known  to  have  reported  disturbances  in  the  stratosphere  in  possible  lae  wave  all  .tions1  >7. 
Of  these  only  one1,  describing  two  flights  over  the  Sierra  Nevada  by  the  HICAT  U2,  contains  the 
oetsorolcgioal  and  positional  information  which  allows  the  results  to  be  incorporated  in  this 
discussion.  The  present  results  add  considerably  to  the  fund  of  knowledge  cn  stratospheric 
airflow  in  oonditions  suitable  for  tropospheric  waves.  The  implications  of  these  results  are 
developed  below  but  it  must  be  stressed  that  sore  fli$:  *s  will  be  needed  to  establish  the 
generality  of  the  oonolusio.es.  In  addition,  work  should  be  extended  to  greater  heights  to 
establish  ths  vertical  extent  of  disturbances,  and  to  ares*  where  there  is  a  single  trepo pause 
in  00 ntra-dleti notion  to  the  latitudes  of  the  Sierra  Nevada  where  a  eeoocd  txopopauae  at  about 
60,000  ft  was  frequently  evident. 

The  two  02  flights1  were  made  in  unchanging  meteorological  oonditions  over  ths  Sierra 
Nevada  up  to  65,000  ft.  On  bou.  flights  tropoapherio  waves  were  probably  moderate  end  lee  wave- 
trains  wore  found  in  the  stratosphere  with  wavelength  17  nm  (auoh  larger  than  the  tropospheric 
or  natural,  wavelength).  The  data  used  in  constructing  the  iaentropes  was  averaged  over  one 
minute  with  consequent  look  of  resolution  of  abort  wavelength*  and  reduotion  in  amplitude. 
However,  more  detailed  data  on  a  run  at  60,0X5  ft  on  the  first  flight  indioated  a  disturbance 
of  amplitude  2,500  ft  on  the  Ice  of  the  main  Sierra  oreot.  The  report  also  indicates  that  the 
wave  crests  end  troughs  tilted  upwind  with  inor  aiing  height  with  the  gradient  of  each  axis 
(i.e,  the  line  through  oreats  at  different  heights)  given  by  s  1  x  11  1.5  1  1.  haok  of  wind 
data  and  accurate  inforoatioruon  airoreft  position  made  auoh  calculations  impossible  from  the 
data  reported  here.  Spill ane‘  also  found  e  strong  oorrelation  over  flat  terrain  between 
tuzbulemse  encounters  and  the  preeenoe  end  height  of  marked  vertical  variations  in  the 
stratospheric  lapse  rata.  HI  CAT  flights  over  the  Australian  Alps  appear  to  Indioats  that  tits 
severity  of  the  turbulenoe  increases  over  mountainous  terrain. 
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The  itmt  turbulence  cnoountered  by  the  Canberra  on  February  14  at  46,OCO  ft  (wbaroae  no 
turbulenoe  wee  found  20  minutoa  earlier  and  12  cm  south  at  45,000  ft)  was  probably  the  result  of 
rapid  changes  in  the  parameters  governing  tropoapherio  save  structure.  However,  it  rscy  also 
have  been  due  to  reduction  of  Richardson's  number  (Ri.  ’Jo. )  by  ageostrophio  motion  or  by  stream¬ 
line  cramping  in  the  disturbed  flow,  or  by  some  combination  of  theee  oireaestanoee  (see 
Appendix  A  for  an  explanation  of  theee  terms).  The  reduction  of  Bl.  Bo.  in  disturbed  flow  **• 
considered  as  a  oause  of  turbulenoe  000 curing  in  the  wave  troughs  in  the  two  U2  flints  over  the 
Sierra  Nevada1.  On  three  occasions,  all  at  60,000  ft  moderate  CAT  was  encountered  by  the  01  with 
no  more  than  a  few  patohes  of  light  turbulenoe  at  33,000,  44,000,  52,500  and  65,000  ft.,  the 
other  heights  flown.  There  was  svidenoe  of  marked  fine  structure  in  the  stratospheric  lapee 
rate  centred  at  about  63,000  ft  *ioh  may  have  contributed  to  the  turbulenoe  at  60,000  ft*  It 
was  shown  that  the  Ri.  No.  in  the  disturbed  flow  wes  reduced  when  streamline  cramping  occurred. 

It  was  also  sheen  that  Ri.  Ho.  is  further  reduced  In  wave  flow  containing  tilting  crests  with 
the  minimum  value  occurring  just  upstream  of  the  wave  troughs  in  normal  stratoapherio  flow. 

If  ageostrophio  motion  is  present  in  a  stratospheric  layer  above  a  jet  stream  it  may  cause 
destabilisation  of  port  of  the  layer  with  corresponding  decrease  in  Ri.  Ro.  If  tropospheric 
stability  criteria  are  satisfied  the  jet  will  also  oause  strong  tropoapherio  wave  activity  and 
hence  stratospheric  wave  activity.  If,  as  has  been  suggested,  the  waves  tilt  backwards  there 
will  be  a  further  decrease  in  Ri.  No.  in  the  wave  trouts  and  just  upstream  of  then)  any 
cramping  of  the  lsentrcpes  will  result  in  a  reduction  of  Ri.  Ro.  in  the  locality  of  the  cramping. 
The  combination  of  ageostrophio  motion  and  strong  stratoapherio  wave  activity  appears  to  be 
conducive  to  severe  turbulenoe  near  the  level  of  the  ageostrophio  notion.  The  severity  may  well 
be  increased  by  interference  caused  by  changes  in  the  meteorological  parameters  or  geographical 
ef foots. 

lb  suamariee,  it  appears  that  m  unchanging  meteorological  conditions  and  when  stratoapherio 
lapse  rates  show  no  fine  structure,  stratospheric  waves  are  characterised  by  long  wavelengths, 
little  variation  of  amplitude  with  heigit  and  smoothness.  Their  presenoo  is  primarily  due  to  the 
underlying  topography  and  their  intensity  primarily  dependent  on  the  tropoapherio  mountain  and 
lee  wave  intensity. 

mien  meteorological  conditions  are  changing  with  time  in  a  specific  location,  or  when 
stratoapherio  lapse  rates  show  marked  fine  structure,  short  wavelength,  large  amplitude  waves  of 
some  sort  are  present,  frequently  superimposed  on  the  longer  wavelength  topographlcally-lnduoed 
mountain  and  lee  waves.  These  short  wavelength  features  are  free'-  ntly  mobile  and  turbulent 
and  it  is  probable  that  their  presenoe  is  dependent  on  the  exist  j  of  the  longer  wavelength 
waves  as  well  as  on  the  meteorological  conditions.  Uwy  also  appear  to  be  centred  at  the  level 
of  lapse  rate  charge,  but  in  changing  meteorological  conditions  they  could  possibly  exist  at  ail 
levels. 

In  view  of  the  correlation  between  increase  in  temperature  and  areas  prone  to  turbulence  in 
mountain  wave  conditions,  some  remarks  ere  appended  on  the  value  of  temperature  sensing 

os  an  aid  to  avoiding  turbulence.  The  postulated  elongated  el1  ’.  uioal  shape  of  turbulence  patches 
would  make  it  almost  impossible  for  an  aircraft  flying  along--  and  to  avoid  turbulence  by 
horizontal  manoeuvre#  and  lack  of  knowledge  of  the  vertioa’  structure  of  the  turbulence  makes 
clirib  or  scent  manoeuvres  a  matter  of  chanoe.  For  urcraft  flying  across  wind  the  turbulence 
could  be  avoided  only  if  the  temperature  sensing  davioe  was  able  to  eoan  in  the  horizontal  plane. 

A  ter.perature  sensor  would,  however,  be  able  to  detect  the  existence  of  the  waves  themselves,  if 
it  had  adequate  range  resolution.  At  least  until  acre  la  known  about  the  persistence  of 
particular  turbulence  pa  to!  tea,  ouch  detection  might  be  wore  valuable  han  that  of  the  turbulence 
itself. 

5.  OOHCLPSIONS 


The  13  flights  over  mountainous  terrain  reported  in  this  paper  have  provided  valuable 
information  from  which  it  has  been  possible  to  extend  out  understanding  of  stratospheric  flow, 
ilowevor,  more  flights  would  be  needed  to  give  the  greatest  generality  to  the  results.  In 
particular,  flights  at  creator  heists  would  be  moat  valuable. 

One  particularly  violent  incident,  on  February  14,  serves  tc  set  the  limit,  within  our 
'■•resent  experimental  knowledge,  of  the  savagery  of  which  the  stratosphere  is  capable.  The 
aircraft  flew  tlirou^h  air  which  had  been  brought  down  from  at  least  7,000  and  possibly  9,000  ft 
above  (fig.  3  (b)).  In  this  air  mass  it  encountered  a  100  kt  change  in  true  air  speed  and  a 
temperature  oi/ange  of  12°C  in  0.2  nm.  The  pilot  partially  lost  control  of  the  aircraft  and 
during  the  incident  -1  g  was  measured.  dhile  such  an  incident  may  be  unoocoon,  or  even  rare,  it 
can  happen. 

Significant  waves  were  found  in  the  stratosphere  only  when  moderate  to  strong  or  greater 
oavos  were  probable  in  the  troposphere.  Practically  ell  the  evidence  suggests  that  tliere  is  no 
reduction  in  wave  amplitude  with  height,  a  result  opposite  to  that  expeoted  before  the  start  of 
the  exorcise.  The  waveo  were  moat  pronounced  on  days  ./hen  meteorological  paranjtors  affecting 
v/uve  production  were  charging  in  the  flight  area  at  the  tine  of  the  flight. 
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In  strong  nave  conditions  and  at  heights  share  there  are  anofiialise  in  the  vertical 
tecperaturs  profile,  severe  turbulence  is  cost  Hkely.  Associated  with  the  turbulence  there  will 
probably  be  large  and  rapid  ohangwa  in  outside  -ir  teoperatur*. 

In  suBoary,  it  is  fairly  certain  that  the  conventional  techniques  for  forecasting 
tropospheric  wares  (Appendix  A)  give  a  clear  estimate  of  the  severity  of  stratosphario  wavee. 

It  is  unlikely  that  severe  disturbances  will  exist  in  the  stratosphere  unless  the  probable 
tropoephario  wavs  activity  is  moderate  to  strong  or  greater.  Even  when  Marked  atratosphario 
wane  are  likely  to  be  present  they  will  probably  ’.-e  of  noderate  aaplltude  if  meteorological 
oooditione  are  oonata*...  The  nott  dangerous  el tut  tion  oooure  when  strong  tropospheric  (and 
heooe  strator  herio)  waves  cr»  probahle  in  rapidly  changing  meteorological  conditions  or  where 
narked  fins  structure  exists  in  the  stratospheric  vertical  teeperature  profile.  Severe 
turbulence  and  rapid  temperature  changes  seen  to  require  a  combination  of  strong  stratospheric 
wavee  and  anomalies  in  the  vertical  temperature  profile  in  the  stratosphere.  The  indications  are 
that  neither  wave  amplitude  nor  turbulence  severity  depend  on  the  Magnitude  of  the  mountainous 
teKTSiC. 
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Predicting  quantitative  details  auoh  as  aaplltude  and  wavelength  of  lee  eaves,  sod  their 
variations  with  height  of  the  tropospherio  airflow  over  and  in  the  lee  of  individual  mountain 
ranges  la  a  lengthy  task.  It  is  however  poaeible,  in  the  time  available  in  field  trials  eeoh 
as  VAPBXHS,  to  foreoast  with  sema  confidence  the  preeanoe  of  wavea  for  the  mountain  range* 
under  consideration.  The  following  criteria  were  used. 


The  theoretical  requirement  for  the  preeeooe  of  tropospherio  lee  waves  is  that  the 

parameter  t  ^  •  ^-E-  should  have  a  saTlana  value  in  the  lower  or  middle  troposphere  (st  or 

about  Mountain  top  height)  with  lower  values  in  the  upper  troposphere.  In  the  formula  &  , 

a  stability  factor,  it  given  by  where  6  is  the  potential  tmqiarstart  and  £  ie 

height)  u  is  the  wind  oompoosnt  normal  to  the  range,  and  g  ia  the  acceleration  due  to  gravity. 

In  tame  of  stability  this  sears  that  the  upstream  vertical  temperature  profile  should  show 

narked  static  atubillty  at  level*  share  the  alretresm  la  disturbed  by  the  mountain  (i.e. 

larps  >  "lth  lower  stability  above.  Synoptioally  this  condition  is  frequently 

satisfied  by  the  preeanoe  of  e  subsidence  inversion,  a  frontal  inversion,  u*  term  sac  tor 
iso  then.  1  or  near- iso thermal  layer  near  Mountain  top  height*  Of  oourse  other  synoptic  situations 
exist  in  which  the  required  profile  would  be  produced. 
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Another  accessary  oond.'. tion  far  the  presence  of  tropospherio  ws tw  is  that  tlmr*  mutt  be  a 
reasonable  coapooent  of  the  Bind  current  notnal  to  the  range..  Also,  for  the  necessary  reduction 
in  l  2  with  height,  it  ia  preferable  for  this  component  to  increase  with  height.  Shis  too  hM 
synoptic  inpiiofttiona  since  this  increase  is  often  found  in  or  near  Jet-streams.  Zn  pxaotioe  it 
is  found  that  marked  wave  activity  is  absent  if  the  wind  direction  is  not  within  about  XJ°  of 
the  normal  to  the  range  or  if  narked  directional  changes  ooour  with  height.  The  aoat  ocmaon 
situation  in  ehioh  both  stability  and  wind  criteria  are  satisfied  is  in  the  vicinity  of  fronts 
on  the  equatorial  side  of  deprer  siona, 

When  forecasting  tropoapherJ o  ■•avne  any  foreseeable  changes  in  the  ayneptio  situation  sust 
of  oouxso  be  taken  into  aooour.t,  for  en*pla  the  movement  of  fronts  will  cause  the  height  of  the 
stable  layer  to  vary  at  s  fixed  location.  Observational  evidence  of  waves  in  the  fona  of  wave 
clouds  (which  are  by  no  aeane  always  present)  and  pilot  reports  are  alto  important. 

A  few  factors  governing  wave  amplitude  and  wavelength  are  aoms  times  of  help  to  the  fore¬ 
caster  and  will  be  mentioned  here.  Zbn  tropospheric  lee  wavelength  (in  xs)  is  approximately 
aoual  to  half  the  mean  tropospheric  vied  speed  (in  a  aeo”‘).  If  the  lee  wavelength  in 
epproxiaately  equal  to  the  borisontal  “aoalen  of  the  aountain  rango,  the  amplitude  will  be  such 
larger  than  for  broad sr  or  narrower  mountains.  Die  aaplitude  is  approximately  proportional  to 
the  aountain  height  and  is  alao  dependent  on  the  symetry  of  the  range,  asymaetrio  ridges 

gV 

producing  greater  disturb ancae.  The  natural  wavelength  is  given  by 

All  other  factors  being  equal,  saplltudea  are  largest  ..hen  the  wave  forming  criteria  are 
only  juet  satisfied.  Daw,  in  this  region,  the  wplitude  depends  critically  on  the  airetresc 
characteristic*  and  large  amplitude  changes  nay  result  from  Mall  changes  in  the  wind  or 
temperature  profiles.  Also,  larger  amplitude  eaves  art  formed  in  alxstrssoa  oontaining  a 
shallow  layer  of  great  stability  than  for  a  broad  layer  of  alight  stability,  but  in  the  first 
case  the  amplitude*  will  fall  off  greatly  with  height. 

Bo  criteria  had  been  evolved  before  this  exercise  free  which  stratospheric  disturbances 
could  be  forecast.  Here  "stretospherio  disturbances'1  oeana  mountain  saves  (a  distortion  of  the 
flow  just  due  to  ground  undulation  with  no  following  lee  waves),  lee  waves,  or  turbuleno*  in 
association  with  these  waves.  However,  it  was  assumed  that  the  magnitude  of  the  stratospheric 
disturb “news  would  be  proportional  to  the  Magnitude  of  the  tropoapherio  disturbance,  and  also 
that  jK._-.ible  breakdown  of  the  flow  oould  be  associated  with  large  wind  shear  and  possibly  with 
Barked  changes  In  lapse  rate. 

A.2 

An  latntropio  surface  (in  the  meteorological  oontest)  is  a  surface  on  whloh  air  has  the 
suae  potential  temperature.  If  the  -ir  has  a  velocity  relative  to  that  surface  and  if  it  can  be 
shewn  that  the  toobario  or  height  gradients  on  the  surfs  -*  reawl ri  oonstant  with  tlae,  then  the 
air  ie  flowing  along  the  iaentropio  surface.  In  this  case,  if  a  vertical  section  is  taken  through 
the  eurfaoe  along  the  wind  direction,  the  i sen trope  so  produced  is  a  tsajaotoxy  of  the  airflow 
and  vertical  air  speeds  can  be  directly  deduced  free  the  iaentropio  gradients  and  a  knowledge  of 
the  wind  speed  in  the  undisturbed  upetreua  flow..  A  aountain  lee  wave  ia  indicated  by  a 
periodic  disturbance  in  a  stationary  i sen  trope  to  the  lea  of  a  aountain  range. 

It  is  difficult  to  attach  physical  significance  to  disturbance*  in  an  iaentrepe  unless  it  can 
be  shown  to  be  stationary.  Za  non-statlooary  oaaes  in  which  the  iaentrepe  shone  i  avelilot 
disturbances  it  aay  not  be  possible  to  say  more  than  that  the  disturbance*  must  have  been  caused 
somewhere  locally  and  their  amplitude  and  period  must  be  representative  of  the  air  oscillations 
•omeehsars  in  the  flight  area. 


The  onset  of  agaostxoahio  wo  tion  (i.  a.  motion  due  to  the  ooaoooeni  of  wind  normal  to  the 
isobars  or  height  contour*),  usually  present  between  tits  200  and  50  mb  layers  above  a  jet  stream, 
results  in  destabilisation  of  curtain  stratospheric  layers  if  aearcsoals  borisontal  temperature 
variations  are  present  in  the  arts  of  oust.  The  decrease  in  stability  results  in  a  .eduction 

There  tfresolln*  cramping  coours 


of  Ri.  Bo.  and  is  a  possible  oonUibutory  oauae  of  turbulence, 
it  ei.il  alao  cause  a  reduction  in  Richardson's  number  (Ri,  Ho. 


4-  & 

•  T  ag  ) 

alp 

32/ 


Fig.  3a  Wave  motion  on  february  13 


Fig.  3  b  Wave  motion  on  february  14 


Fig  4  a  Copies  of  original  record 
for  run  5  on  february  13 


Fig.  4b  Copies  of  original  record 


on  february  3 
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DUX  KXKAJMUULES  DBffUi  ME  ClSAILLMEHt* 
SAKS  LA  CTA&SOSPSU 

ccraoMun  vs  rat  «r  u  ntonumati 


PAT 


G.S.Barb* 


Mt^orologla  Bationsla,  T race* 


SOMKAIRE 


lAi  service  "HAUTE  ATMOSPHERE"  de  I'Etablisseocnt  d 'Etude*  ec  de  Recherches 
Hfitdorolegiquas  de  la  Mdtdorologle  National*!  pour suit  depuia  plualeurs  anndes 
dee  recherche*  expdriBentalea  at  thdorlquesaur  la  circulation  ttrarosphdrique 
(de  10  L  40/43  ter  <l‘altltude)  A  I'Cchelle  mc-yenne  (mesoscale). 

Lea  riaultata  expdrloentaux  obtenus  mettent  an  Evidence  que  la  3tratoB,hfere 
cor.slddtrAo  A  cette  dchelie  aat  un  milieu  plus  perturbd  que  la  trcposphire. 

Premier  example  -  Ca^  du__n  au_12  mars _ 1968_  :  25  Bondages  horairag  consdcutlfs 

de  vent  dans  ia  couche  10-30  ton  A  Hagny-les-H&meaux, 

La  structure  do  la  stratosphere  bassc  at  moyenne  prdsente  de  forts  et  rSguliars 
cl  all laments  de  la  vltesse  et  de  la  direction  du  vent,  ac tour  d'une  valeur 
rayeniM,  de  variation  lente  avec  i'altltude.  L‘ interpretation  de  tels  rdsultats 
eat  difficile  «t  ssable  devoir  faire  sppel  A  ur.e  analyse  ondulatoire. 

Second  example  -  Ca£  du_2_l  au_  :  joverab£e_ 1968  :  9  sondages  tri-horaires  de 

vent  st  temperature  an  chacun  ries  points  d'un  triangle  d'environ  50  kllcmAtres 
do  c6tA  au  aud  de  Pari*. 

Cate*  caapagne  a  ti6  effectu de  avt  .a  participation  de  I'avion  CANBERRA  do 
Meteorological  Research  Flight,  Le  21  novembre  1968,  au  milieu  de  la  journde, 
una  turbulence  en  air  liapide  a  At 6  dfitectde  vers  la  tropopause  (environ 
12300/12600  n),  alors  qu'une  variation  de  temperature  de  I'ordre  de  +8°C  a 
dt<  i_lev6e  _ur  one  tranche  d'environ  300  mitres  a'dpoisseur  juste  au-dessus 
de  'adits  tropopause,  avec  slmultandment  cisaillement  marqud  sur  les  deux 
modules  du  vent. 
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DKOX  REKASQUABLS3  HEQffLES  DE  CISAILLBB3TS 
OAKS  IA  STRATOSPHERE 
GOSCimwr  LE  VENT  ZT  U  TEMPfc^TURE 


par  G.D„  RAMS*1* 
KAtdorelegle  Nat local*  -  Franca 


X  -  WWfg^fl  DC  SERVICE  "HAUTE  ATMOSPHERE". 

La  sarvica  "Rsuts  Atsotphira"  4a  I’Etabils se»ent  d'KCudss  at  in  Recharches  Hdtdorelogiqaaa 
de  la  Hdtdorologie  Natienale  fran^alee  dispose  dapui*  Jalllat  1967  d'un  art*  mb  la  *p Ar at loa¬ 
ns  1  "dvolut"  ec  tanps  rial  coapranant  troi#  point*  da  nasara  sited*  aux  saanet*  d'tm  trio 
angle  approxlautlvaxant  dquilatdcal  d' environ  50  kilosiAtre*  da  ettd  i 

-  Magny- ia  *-Has*au2t  (Tvs  Haas) 

-  Chartres  (Kura -at -Loir) 

-  Plthivier*  (Loirat). 

Chacon  do  cca  points  eat  dquipd  d'anc  station  da  radar-vant  at  da  radletondaga  da  ts*jj4~ 
raturc  (rdcaptlon  sur  28  MHz  actuallaaant,  403  MBs  ultdrieuraiMnt ).  Das  ballon*  aspect  ant 
un  ou  deux  rdfloctaar*  passifs  at  naa  soada  da  taapdraturc  dent  la  capteur  ast  uaa  tbar- 
nJetanc*  pauvant  ttra  sulvis  jueqa'A  una  distance  da  140  te  par  radar  COT/AL  nod if id  (2), 
L'ensanble  doe  trait  points  da  insure  parnat  da  choisir  judiclausamnt  la  lie"  da  lancnr 
d'un  ballon  haute  perfomancc  at  d'ataorer  dvantuellaaant  una  peureulte  cm.— maataira 
avac  la  radar  d'anc  dauxiAat  station;  la  ballon  paut  alora  ttra  snivi  Jusqs  'A  '90  In  da 
distance ;  caci  prdaanta  un  ^ntdrlt  pratique  an  hivar  par  rdglae  da  vant*  fart*  trapoaphd- 
riquas  at  stratoaphirlquae  (da  aecteur  Quest), 

La  assure  das  ersis  donndes  prlsulras  ddfinlesant  la  position  do  ballon  (distance  oblique 
radsr-bai—rn,  angles  d*  site  at  da  giseswnt)  ast  asset  da  routes  las  30  seconds*  (ou  too-as 
las  nlnutas),  avac  "llsaage"  sur  9  aacondaa  effcctad  par  un  erdlnatsur  digital  IBM  1800 
(voir  ci-<L-3aoua)  an  ca  qui  concerns  let  deux  angles.  La  nature  da  la  frequence  da  I’dnis- 
aion  correspond tnc  A  la  tanpdratura  ds  ,«  thamlstanca  ast  se surds  "an  centimi",  avac  pra- 
lAveoent  toutas  las  seconder  trar.mil  A  l'ordlnataur, 

Ces  donndes  "analoglques"  sont  "dtgitallides"  an  chacun  dcs  points  da  aeaura  per  un  convar- 
tlsaeur  .  alogique /nuadrlque  at  transalses  pour  chacun  das  daux  points  pdrlpbdrlquas 
(Chartres  at  Plthlvlars)  par  una  .ialson  tdliphoalque  spdciallsds  A  l'ordlnataur  central 
IBM  1800  stations)*  au  troisifc  a  point  da  aasure  (Magny-lts-Hemaux). 

Cet  ardlnateur  calcula  an  teaps  rdel,  aulvant  das  prograams  con  port  ant  das  varlantas,  las 
donndas  r < -apris  carraspondant  A  un  intervalla  da  Mature  : 

-  Vactaur  vent  horizontal  i  direction  at  vltesae,  vant  transversal, 
vent  radial,  vent  zonal,  vant  ndridlen, 

-  Vitesse  vartleala  du  ballon  at  variation  da  cotta  vltaase, 

-  Teuplrature  :  lnstantenda  (llstaga  sur  4  second# s  ds  part  at  d' autre  ds  la 
••tends  correspondent  A  l'alticude  da  aasura)  at  laoyeana  (caucba  corraapon- 
dsnt  A  30  ou  60  aacondas  d' ascension). 


ITT  Xngdnisur  Gdcdral  da  ta  Mdtdorologia,  Chat  du  Service  "Haute  AtnospbArs*  da  l'ltablls- 
iiMnt  d'Etudus  at  de  Racherchas  Mdtdorologlquas  da  la  Hdtdorolagla  Nat  lets*  la  fvunqals  a, 

(2)  S*  prdclslon  da  uaaura  a  dtd  astAllorda  par  I'adjonction  d'anplif lcataur  parssdtrlque 
ou  de  tuba  A  ondes  prograa lives. 
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»  Pr*i*ioa  cbtsnus  par  iteration  6  sartlr  4a  la  prasalen  as  stream  4«  sal  as 
UMie  coopt e  4e  la  dlffdranea  4a  praaaian  earretpeadaat  l  l34p«li>w*r  4« 
la  concha  ceaslddrda  antra  data,  asserac  ceeadcutivaa  4a  l’altltada  du  kal¬ 
ian.  Catta  pressiau  peat  Itra  ceBp&sk*  k  calls  "proves 15  pee?  las  nivoan* 
standards  at  dvaataallMaant  "recall*"  pet  progress*  4a  calealateur. 

Lb  dlepasltlf  eat  esatpldtd  par  aa  trees  or  4a  caurkaa  at  *a  parfaretaur  4a  carta t  travail* 
last  an  teaspa  rial.  Par  alHmra,  4as  pragmas)  e  spieieex  "4a  recherche"  aa  delation  c»i> 
tone*  sent  44 j &  4~.»keri#  peer  sartlr  an  taaps  rial  oe  4vantuall«a«at  aa  coups  iiflfei  lee 
dlftaoats  carastkrlstlquea  carraspoadant  4  4as  fades  4a  graviti  (set  asslm&ldas)  svaeeptlklss 
da  readra  eonpta  4a  la  etrectare  Afisesealalra  4a  la  elrealatlaa  etrat?  spMriqae  at  4a  son 
dvalstlea  k  court  tun  t  prajactlaa  horlaentala  4a  la  trajactalsa  da  bailee,  h*dogr«**a 
4a  ea  aauvagsat,  naohre  4a  Richardson,  ate,.. 

Tout*  elnjpalarltd  44tact4a  dans  eatta  circulation  I'dtaat  an  teapa  rdal,  grtea  &  la  can- 
caption  s*4erna  4a  I'ensaabla,  11  cat  tinsl  paaalkla  4a  44c  la  acker  m  edrla  4a  sMBsres 
reppracMna  4aaa  la  tcapa  (k  l'ai4a  4a  llekars  da  kalians  k  Intervenes  fixes)  at  4aaa 
I'sapaes  (trala  paints  da  stsanra),  alia  4*41041*1  la  dorks,  i*sst*a*len  at  l'dvalatlan  4a 
1*  "accident". 

II  aat  k  nater  qa'eu  paint  4a  tb*  teehnolsglqae,  cinal  qna  eela  a  at 4  recaaan  on  eaur*  dn 
syttpsalm  anr  la  atrataaphhra  tana  >  loadres  da  17  aa  29  Jo  11  let  1947,  las  saeaura*  da 
vent  at  4a  taopdreture  k  partir  4u  eel  aa  utilleant  4as  kalians  haata  perfaruenc*  daman- 
rarant  k  I’cvenlr  Indispensable*  peer  ceupldter  •  an  ci  qal  ceacerne  la  cancka  30*30  ka.  -■ 
la  rdsaau  4a  £os4se  adtderolaglqsas  da  find  k  1'4 teds  4a  la  coach*  30-80  kn. 

Hear  lame  ns  ae  paaeat*  90s  l'altlto4a  record  attaint*  as.  Franca  par  an  belles  sent*  per- 
fermneo  (type  KkY&ttf  140  0)  aat  4*  49447  n  1*  24  avrll  1949  i  Xegey-lec-iiaeeasLS. 


II  -  ILT8  PI  KKHSMI. 

L'ftade  de  la  circulation  «S»oa  la  kaaaa  at  cwfanca  streteaphkr*  (1),  conduits  par  la  ear- 
vice  •Tlauti  ktwsphkre"  k  l* dckelle  dtta  :sss*#®ec*la"  (la  cantatas  da  afttrea,  c’ast-k-dir* 
entrs  100  cktrna  at  1  klUaltr*,  Mica  la  verticals;  la  dluin  4a  ULlanktras,  c'aot-k-dlro 
antra  10  at  IOC  k  400  ki  louder* s,  dana  la  plan  berlsoatal:  la  dlaalns  4a  nlantas, 
c'aat-k-dlra  4a  30  almsfae  k  plaelaora  haaras  peer  la  tanas),  a  paur  kat  t 

a)  jtggaarota  fendanantala  1  an a  contribution  k  l'dtablisaanant  d'naa  tkdarlo 
valakla  da  Is  circrlatien  |4a4rala  da  l'atwapfckr*  aa  vu*  4a  pazmttre  l'a- 
ud  Iteration  d«i  nodklas  actoallanaat  ntllisds  dana  las  grands  erdlnataara 
dlgltaux  p  erar  la  provision  synoptlqu*  at  globs la; 

it)  Recherche  anal loud*  1  4tad*  at  prdvlalon  4a  la  torbolaace  an  atneaphkrn 
llapld-  (catTT 

L'dnsrglc  dndtlqoa  prdsaut*  dana  l’ataoaphkr*  aa  partaga  as  plasianra  catdgarlas  -  114a* 
antra  alias  -  4a  per  tar keti.cn*  qal  aa  dlffdraaclaat  par  laar  4cm  11*  (2),  lea  pdriodea 
cerrespendantaa  variant  da  qualquaa  Jours  paur  lea  partorkatlama  syneptiqaas  (dissensions 
hortsentales  4*  l'ordra  4a  nil  liar  da  kllMktres;  k  qaalquaa  alnutas  pour  las  Bouvananta 
torkalants  (dcballa  "adraaaatlqua”  vralsaablsblaaant  eMaprlaa  antra  qaalqoas  nitres  at 
quelquas  kllonktraa), 

O'aprks  8.D.  kOklNfOM  (3),  I'hypothkae  adalsa  r*r  la  CMP  (Global  Ataoapharlc  Kacaarch 
Prajnet)  da  a'an  tanlr  tax  4a ux  aaulas  cet4gorJ.es  4a  nouwaants  prdeltdas  Unlta  k 
3  Jours  1 1 dckdencs  pre table  das  prdvlslona  k  l'dcballa  glrb  ’a.  II  1* ports  done  4a  ,rec4- 
4ar  k  dec  erpdrlar.ee*  prdllnlnalras,  coaslstant  "an  .art  leu  liar  k  ana  lnvaatlnatlon  dlracta 
4u  apactra  Jag  nauvananta  atnoaphdrlquaa";  c'aat  la  caa  prdeladnant  das  n* aura a  ndaaaca- 
lalrna  aTZaotuSas  par  la  service  "Hants ktnoaphkre". 


•  .  .  /  ,  • » 

(1)  G.D.  Barbd  s  '•’iV  circulation  ataoapbdrlqua  k  awyonne  4?halle  (nessacalo)  dan*  la 
kaas*  at  aoyanns  strataspbkre".  Technical  Rot*  3*93,  WRD-R*227,TP,  121,  pp. 272-284, 

(2)  Van  Dar  Hovan  1  "Power  spactrun  of  horlsoatal  wind  apaad  in  r.ho  frequency  rang*  fren 
0,0007  to  900  cyceaa  par  hour",  J.  Hatao.,  14,  140,  1937. 

(3)  C.D.  Robinson  *  AdrtiM  prdaldantlalla  du  19  avrll  1947  (Quartarly  Jouruel  of  the 
loyal  Natsorologlcal  Soolaty,  Vol,  93,  R*398,  octobra  1947,  pp.  409-418). 


?ar  alll«aris  l'utilisatiew  crel»»»c,t8  it  be  Ilea*  baste  parfantamsa  pssxet  d3»psartar  (tern 
prtci  alant  nr  la*  fUttaiaii  de  la  arrest*  at  boat*  strataapMr*  (csacbe  39-45/30  te) 
ancam  lacoffletaosat  cnuni,  tala  qat  i 


a)  Mriodes  at  nodes  d'dtab&lsaamat  at  4a  dx.paritica  da  la  asocsm  strata*- 
pb&rlqoa  d'dtd  (1),  da  aectaor  let,  raspacelvaarat  13  avril  -  15  nel 
(ddbst  cults  pass  certelaes  anadas)  at  13  a*ftt-13  eaptaabra. 

h)  ’’gvbamaats  4  veate  d'Bat"  at  rdcheaf  female  expleaifs  sal  loar  mat  lide 
am  bivar  at  an  prlatenpa  (1). 

Cat  danders  pMetatoei,  dost  la  llaieott  avae  1’absorptioia  ioasephdriqaa  a  pe  Sts*  els  «b 
Evidence,  attirant  1' at  tent  leu  ear  la  fait  qoa  1'  "aKvli-onaaBBeet "  da  la  plaafcta  emstitoa 
tin  teat,  ce  qoi  eat  part icu llAreonat  .  ral  peer  I’aceesphdr*  dans  tut  dlffdrmtaa  ocwefcea  t 
IsMiphin,  aiwiphln,  stratosphere,  trepaepkbre,  dent  I'litanctlN  me  imalt  alas! 

8fcr*  alas  a*  deata. 


m  -  fggumrs  nraaiyxiBuux  obxkcts. 


L*«  oxaeior*  rdaoltata  catenas  avae  la  dlspositlf  epdratieaaal  aa  trals  peiftta  ceaflmaat 
eavw  ddJ4  tessei  prdcddaamat ,  tant  par  aes  prepraa  w>  *nr*  j  as  a  ca  deux  paint  a  qu*4 
lsderaapak-,  %  si-voir  qua  laa  "accident**  (cisaillanmts  da  vaeteur  amt,  wit  m  direct  lee, 
salt  *a  vitesae,  salt  pear  laa  dam  nodules)  amt  eofflaeamat  frdqnaats  daaa  la  elreo- 
latim  strataapbdrlqoa  poor  qua  la  car  act  Ira  qaasl-pdrlodlqae  paisa*  y  8tre  caaslddrd 
coma  as  mod*  frdqaant  daa  fluctuations  da  aactaar  treat  am  fmetlae  da  I’altlfod*  (strme- 
tore  feuUietda). 


II  sat  permit  d’ovaacer  qua,  ceatrairaarat  4  e*  qu’m  aarait  pa  passer  aaparoveat,  la 
atrateaphdra  caaalddxda  4  l'dchalla  “as  oases  la  V  c’eat-b-dlra  1 
ildweatairoa  d^uaa  dgaitaaor  canaries  antra  100  at  3<H>  nfctraa  J 
pitta  portarbd  aa*  la  tropespfcdra. 


l’imtdrioar  da 

eat  aa  allies 


mess. 


Cenpte  tana  des  ietervalles  da  naaara  qai  a1 rat  pan  >taqs*4  prdeeat  dtd  abaiaads 
.txt-daaccaa  da  la  deni-nrara,  la  varlabilltd  tanperui  Li  s<e£  mettmeat  plos  narqada  qoa  la 
varlabilltd  apatlala  dams  la  trlamgla  apdratlaaaal;  an  affat,  11  a'eat  pm  rars  qua  las 
"aeeidento*  da  vectear  vast  salaat  pratiqsmcat  "aetacldaats”  (altitude,  dpaiaaaar  at 
Intacta  ltd)  pear  la*  trele  stations  4  aa  anneal  demd  alar*  quo  d'me  baser*  4  1'aatra  daa 
ddferaatlems  en  daa  ddplacmeata  da  caa  "accidents"  aalra  la  wrti-'l*  peoveat  ft  re  neai- 
fastsa  pear  obesane  daa  statleos. 


II  axlata  adaonelos  des  situation*  pear  leeqaellea  11  eat  pecaible  de  saivre  fecllematCl) 
le  aim  "aceideec"  paadaat  plaalcor*  hears t.  Mleax  nton,  11  amble  qae  peer  dea  pdriedee 


•••/ 


ri7  Daa  recharefas  da  Mfene  mature  aaat  peureulvlee  4  la  aratlra  ndtdaraleglqoa  das 
Kerguelen  (henltphdra  Sod)  dstpal*  jaovlar  1963  atrae  e*.  radar  COT/AL  stedlfld. 

(2)  II  n'est  p«a  taujoare  alsd  d'ldaatlflar  arse  certltuia  tea  "accidamt**  d'ua  eeadage  6 
l'aat-a  aa  eaa  da  variation  d’altitwd*  aa  da  dddaablamat.  A  aatar  4  ce  aajat  l’latd* 
r#t  da  l'osase  casnaa  "traceu?"  da  la  clrcalatlee  atratespbdriqsK  4  dea  a  lilted*  a  lafd» 
rlaarea  4  23/30  bn,  le  at rr.ctura  faalllatda  de  aa  diatrlbntlra  verticals,  qai  senbiw 
Ctr*  stable  -  aa  neina  d* as  cartalaa  eaa  -  4  l'dehslie  da  le  d*al»Jearada  daa*  ea 
domain*,  eat  saaeeptiblc  da  facllitar  la  traveil  d'ldamtiflcatira  des  "accldeata”  da 
treat.  Do.  cratacta  aaat  ea  court  avae  1' last  1  tut  Papal  tfdtdeTeleglqma  da  Salgiqaa  e4 
St,  FLAlKiU  affactua  rdgdUAronsnt  dapnla  deux  aaa  daa  aendagaa  dcaxeoa  4  l’Casarva- 
talra  a'OCCK-lremllaa. 
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•Hast  jufa'i  24  heorea,  £1  exists  iai  eectsura  d'altltodss  priviligides,  m  variant 
|t4ra  4a  plus  4a  1  lag,  pear  let^uallas  ana  peralstanee  4'  "aceldast*  re  resrouvn,  nan  sax* 
4ee  interruptions  at,  le  plea  seuveot,  4a  fort  a  cb*cf«xant  i  4,int«Mit4  as  4«  font*  (phases 
slterastlve*  it  creissaace  at  4a  4dsr el stance,  tux  Iron  abide  n  relstlf  o  'at  t  Sauant  pear 
dsvenir  altlsa  raUtlf  ae  abasia,  ate...). 

4  titra  indicatif,  paor  os  degrd  4a  panumaaca  4*  "accident"  aor  pluclcor*  kl  lead tret 
aalaa  la  varticala  b  I'Achalle  da  I’heura,  lea  clsalllaneats  obeervda  paavant  ttra  4e 
l'ordra  4a  401  par  rappert  It  la  vitaasa  neyesae  at  4a  plaaiaura  dlxatna*  4a  degrfte  par 
rapport  &  la  direction  noyaus. 

Sawn  traitarma  maiataaaat  pins  as  ddtail  4aux  ranarquablas  axaspiaa  4a  ciealllaaants 
4aaa  la  ctratospfcftra  re Is vis  ft  l'occaslen  4a  canpegaas  4a  aaearee. 


IV  -  CAS  DO  U  m  12  HftM  1968. 

II  s'aglt  d'una  adria  4a  25  tsoodiqss  boraire*  4a  "ant  (aant  tanpdruture)  affectude  ft 
Msgagr-lss>irana«ax  antra  10  at  30/32  kn  d'altitoda  4u  11  narc  1568  ft  07.00  TU  «u  12  urt 
1968  &  07.00  TO.  Toot* a  lea  3  havraa,  ft  part ir  4a  07.00  TO,  la  scndage  dtalt  daub la  (1), 
c'est-ft-dlre  qo*  da  ax  bailors  dt  slant  laneda  ft  cinq  nistut.es  4'latervalla  at  pooraulvla  ai- 
tarnatlvasaant  tovta*  as  30  seconds*.  Ca  proeddd  pa  mat  dofctsait  deux  asndages  conplats 
at  lrddpeadante  affectude  sur  data  ballons  sdpards  an  altitud*  pax  on*  distance  d' environ 
1300  Nktras,  La  pratique  nontra  qua  las  Courbet  reprdsantatlvas  (vltasse  at  direction  du 
vent  an  function  da  l'altitnda)  corraspondant  sox  daux  Bondages  tout  prat lquanent  super- 
posdas;  c'aat  bias  ca  qui  rdsalts  da  l'axanan  da  la  figure  1  pour  la  sondaga  double  du 
11  tsars  1968  ft  22.00/22.05  TU  dent  laa  rdsultats  sent  deande  ft  titra  d'axenpU.  L'dcart 
antra  las  cearbas  indlqoe  ft  la  foia  I'arraur  -  fortulte  -  da  la  naanra  at  la  variation 

-  on  cinq  nitrates  -  is  It  grandeur  naaurde. 

L'eneanbls  das  graphlquas  (vltasse  at  direction  du  vant, vitaasa  ascanslonnalla)  corraspou- 
daat  ft  cstta  canpagat  da  natures  a  4<J»  dtd  raproduit  dans  la  Technical  Note  N*95  da 
I'O.M.M.  prdcltda  (cf.  figures  10  -  11  at  u,  pp.  280-282)  at  da  laur  exempt  rdsalts  la 
alaa  an  dvidanca  das  caractdristlques  connuask  aulvaates  : 

-  La  structure  4e  la  stratoaphftia  bates  at  aoyanna  prdaente  de  forts  at  rdgullara 
elsaillsnants  da  la  vitaasa  at  da  la  direction  du  vant  auteur  d'una  valour  noyaana  dr  va¬ 
riation  progressive  an  fonction  da  l'altitnda  (da  2400  m/ma  -  145  los/h  -  su  niveau  10  ha 
ft  1000  a/ss  -  60  loi/h  -  au  voiainaga  da  20  kn,  poor  cnltrs  xu-dasaus,  surtout  ft  partlr 
de  27/28  fas  Jusqa'ft  2600  m/mn  -  155  kn/h  -  au  niveau  32  fen  pour  la  vitasaa;  da  340/360* 

-  noxd-nord-ouaat/nord  -  au  niveau  10  ka  ft  270*  -  auatt  -  *u  niveau  30  ka  pour  la 
direction).  D'una  aaniftre  gdudrala,  la  verlabilitd  das  dsnx  aodnlas  du  vent  (vitessa  at 
dlractian)  an  fonction  da  l'altltud*  eat  plus  accantudu  at  stable  plus  pdxiodique  pour  las 
sotdagas  da  salt  (antra  18.00  at  03.00  TU.). 

-  Cat  clsalllaaaata  prdsantent  dans  1*  caaps  un  grand  dagrd  de  perasnanca,  da  l'ordra 
4»  12  bauraa  at  aina  due  ai  l'sn  tiant  eeapte  da  certaias  nivaaux  prlvildglds  tala  qaa 

19  ha  environ  (extrftasoos  ft  caractftre  aaxiaal)  at  15  ka  environ  (axtrdnuas  ft  caractftra  telai- 
aal). 


-  On  abaarva  dgalwwent  cat  cisalllesnnts  sur  las  coaposantas  sens  1st  at  trfrldlennee 
du  vant  (voir  figure  2  relative  au  taadaga  du  11  aart  1968  ft  22.00  TO)  spec  la  sftsi  dagrd 
da  pensananca  d<*  12  haui'et  at  plus  dans  la  taaps. 

-  Las  hedogrmae  boreiras  du  vent  rdel  en  ‘eactien  da  l:altltuda  ant. ant  ea  relief 
une  rotation  continue  dens  la  sans  rdtregrade  (sent  das  aiguilles  d'una  aontre)  in  vent 
rdslduel  sat  our  du  vane  novan  dent  U  direction  varla  lentassent,  coone  lndiqud  ei-dessnt, 
dv  aord  ft  l'ouast.  Une  retetion  de  360*  du  vest  rdslduel  e’effactua  4aas  eat  dpalassurs 
da  t-oeche  da  l'ordra  de  2  ft  3  ka,  alnsl  q<ra  c'ast  la  css  dan*  la  figure  3  traitaat  la 
aasdage  du  11  aars  1968  ft  22.00  TO. 

Ca  pfadasatftna  sat  part  lev  Uftraaant  oat  dans  Us  trenches  d'atswsphftra  prdsentant  do* 
"accident*"  ddflnia  par  as  aoabre  apprdclafcla  da  nivaaux  da  assure.  Alors  qua  U  cadenea 
das  assures  paraat  d'obtsnir  un  point  reprdsoatatlf  environ  teas  las  300  a,,  seals  les 
paints  las  plus  tigaif icstlft  ant  dtd  repertds  sur  Us  flgarss  2  at  3. 

. . ® / ... 

(1)  O.D.  Serbd  !  Donates  sur  Is  vant  an  altitude  Juaqu^ft  30  hs  at  so-delft  (ssxplsi  d'ua 

radar  ft  poursuite  autoastlqua  at  du  proeddd  du  "soadage  deuble"),  Journal  Sc  last  if  iqcsi 
4s  Is  Mdtdorolagla,  8*38,  avrll-jula  1958. 
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Or  tal  feu l Heist*  4a  i'atmosphire  aur  lea  paraMbtres  da  vest  m  peat  pratiquemeut  pea 
Ctra  expliqud  par  la  dlatrlbatlea  vertical#  da  le  taapdratara.  At  in  da  a'an  raadra 
compte,  11  staff  It  d'adeattre  qua,  pear  las  seadagea  daa  11  at  12  aara  1968  aft  i*  tacpd- 
raters  a'e  pea  dtd  assorts,  aa  rdpartltioa  vartleala  etalt  caaf tm  4  call#  da  1‘stmea- 
ph4re  standard  type  O&CI, 

Eu  suppeaaut  n  a  tat  ion  £  diet  ante  da  ll»|ay»la»»gM»«B  da  100  km  dona  mm  tract  lea 

parpandlculaire  au  vast  saaal,  11  eat  possible  da  calcular,  poor  sat  craatht  ^altitude 
oh  dy  peat  Itra  cenalddrd  caaraa  csuatsnt,  la  taapdratara  noyenae  nAeaaaaira  ao-daaeua 
dZ 

da  la  statics  £  poor  justiflar  ladlt  vast  canal  dasa  l^hypethhse  do  vast  tbaraiqa*. 

La  caletil  do  gradient  thderlque  da  la  ta«pdratare  aayeaat  d'una  csucha  qui  Acvrsit  axiatar 
antra  1«»  stations  da  Kaguy-lat-Bimeauz  at  X  pant  aaua  parmttre,  par  I'aaiftlyaa  da  aaa 
ordre  da  grandaur,  <*  Jogar  de  la  valldltd  da  l'hypetMsa  gdeatraphlqoa  adcaaaalra  4 
l'amplol  da  l‘4iq  nation  classlq'ta  du  vast  t'naralqoa  : 

,  . . L,  .j.iJ 

luJhuMf  T  Sx 

Pour  la  caa  part  leu  liar  do  11  aara  1968  4  22,00  TO,  la  siparction  das  diffarautas  ceochaa 
4  ^  constant  ast  Indiqnd  aur  le  graphiqat*  du  vast  tonal  (flgara  2),  tfamdrlqucumct ,  la 

formula  aa  rddulc  4  : 


■  Taapdratara  moyeuna  da  la  concha  4  Kagoy-las-ioaeaan 
*  <•  d*  •  la  atatlaa  X 


“  gradient  du  vent  senal  pear  la  eewche  conalddrda 

La  figure  6  lndique  las  rdsultata  ebteaua,  an  ewppesaut  lae  teapdraturaa  an  altitude 
conform* ■  4  I'atmospfchra  standard  4  Maguy-lea-Haatsaux. 

II  apparatt  qu'au-deasuc  da  la  station  X  las  dcart*  da  temperature  aoyauaa  adcessalras 
pour  Justtflar  dans  I'hypothiaa  gdostraphlqua  la  vent  abet.  t4  variant  da  1,8*C  4  anvlreu 
10*C  paur  das  caucbaa  adjacantas.  D'autra  part,  dan*  ana  aftna  concha,  da*  dcart*  da 
teapdr-.ar*  antra  Hagny-iag-Hamsauz  at  la  station  X  variant  da  0,4*C  4  7,4*C  dans  la 
cadre  de  catta  hypoth4se. 

Or,  ton*  lea  chiffraa  ainsi  donnds  correspocdant  4  da*  tampdratursa  aoyaua**  da  concha, 
ca  qal  inf4re  das  dcarta  plus  inportant*  pnur  da*  taapdratoraa  4  on  niveau  donut,  laur 
ardra  de  grandeur  sat  alora  nettenant  vuptrleur  4  taut  ca  qal  pant  ttra  abaarvd  habitual- 
lament ;  11  eat  done  permit  c’af firmer  qua  lea  '’accidents"  da  vast  ttudids  aont  cartel- 
namant  da  nature  agAostrophlqu*. 

Lea  caracteristiques  de  ces  r^sultstu  sont  tres  proches  de  cellos  de  J.S.  SAAYER  (l) 
et  de  A. I.  WEINSTEIN,  L.R.  HrilTKfc  et  J.R.  SCOGGINS  (<.).  Four  cea  derniers  auteurs 
un  tel  schema  eat  analogue  a  celui  qui  serait  provoque  par  dee  ondee  dltea  d'inertle 
ou  da  quaai-iuertie  »  vecteur  vent  horirontal  reel  resultant  de  la  superposition  d'un 
veoteur  vent  noyen  geostrophique  ei  d'un  veoteur  vent  residual  rotatoire  en  fonction 
ae  1 'altitude.  D'autrea  auteurs  (.3)  (4)  (5)  (6)  font  appal  aux  ondes  de  gravltd  (ou 
a  dee  ondes  siroilaires)  et  noa  propree  recherchea  sont  orientees  dans  ce  sens. 


K 

JV 

SZ 


•  c  ■  / «  ,  , 

(1)  J.S.  SAWYEt  :  Qua* i-par iodic  wind  variation*  with  height  In  the  lanr  stratosphere, 
Quarterly  Journel  of  the  loyal  Meteorological  Society,  1961,  87,  371,  pp.  24-33. 

(2)  A.I.  WEINSTEIN,  E.K.  REITER  at  J.R.  9C0CCINS  s  Maaeacala  structure  of  11-20  km  wind*. 
Journal  af  Applied  Meteorology,  1963,  5,  p.49. 

(?)  C.O.  HlNbS  i  Internal  atmospheric  gravity  waves  at  ionnspherio  heights,  Canadian 
Journal  of  Physics,  I960,  J%  pp.  1441-1461. 

(4)  C.O.  HINSS  i  Atmospheric  gravity  waves  i  a  new  toy  for  the  wave  theorist,  Journal 
of  Geophysical  Research,  1969,  69,  3,  p.579. 

(9)  R.S.  N  '.icLL,  J.R.  UAHoNKY  at  R.N.  Li.NHaRD  Jr  i  A  pilot  study  of  saall-scale  wind 
variations  in  tha  stratosphere  and  aesoaphere,  quarterly  Journal  of  tha  Royal 
Meteorological  Society,  19^6,  9?,  591.  pp.  41-94. 

(6)  B.  LETTAU  i  An  analysis  of  vertical  Beale  structure  and  wind  shear  in  the 

aeaosphere  froa  falling  sphere  data.  Journal  of  Geophysical  Research,  1966.  71, 

4,  pp.  1005-1010, 
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9m  analyse  plus  eanpidto  da  Hi  rdsoltats,  parties lldreonat  ill  pdrledes  da  cititim, 
da  iatMf  variation  so  f ©action  da  I’altitoda  at  da  toaps  ainal  qua  da  laar  Hainan  me 
la  valour  da  gradient  da  rant  Hoytss  (of.  atfthedat  da  i'aaalyse  h&moolqoa  at  daa  coef¬ 
ficients  da  earrdlatioa)  devreit  permttra  da  earaetdriser  avac  piss  da  prdclalan  la  a 
fMawdaai  abaervdq  at  d'aa  dddolra  la  a  par«8trea  ndeeasalras  I  laar  coaprdbanslon. 

XI  a,  '  oartala  qua  la  rdpartltien  da  1  ' daargla  eindtlque  an  altltode,  t*li«  qti'alle 
rdaalta  it  la  figure  3  poor  la  eaa  do  11  oars  1948  8  22.00  TO,  paaa  on  probltna  poisqu'oa 
raoergoabla  aooralaaawant  da  1005  pavt  ttra  ralavd  8  l'eeeaaloa  da  eartalna  elaalllaaasta 
da  vltaiea  do  vomt. 


v  -  cdj  no  2i  an  22  mnmtx  ljta, 

11  i'ijIc  d'oM  caopagae  an  troll  paints  (Mapy»lwpaniattt  Chtrtrea,  Pithivlera)  can* 
portent  por  ahaaona  daa  stations  ana  adrla  da  9  soedages  tn-l^vairea  da  vast  at  da 
taapdratoro  antra  09.30  TO  la  21  aevoabra  1948  at  09.30  TO  la  22  nevaobre  1968.  Las  as« 
aura*  da  vast  at  da  teapdratore  oat  dtd  effe-.cades  toots*  laa  30  sacondas,  ea  qni  car* 
respond  k  daa  concha a  dldnantalra*  d'oaa  dpalaaaar  da  150  k  300  m. 

Cotta  coapcgaa  a  dtd  affsetoda  avac  la  participation  da  I'svlea  CMHU1  du  Meteorological 
he  March  Plight  da  Parnbereogh  (Brando-  Bretagne),  apdelalanant  dqolpd  (centrals  8  Inertia)  (1) 
pnor  la  naasra  da  paraodtraa  adtdoralagiqna*  tal*  qua  la  vent,  la  taatpdratora,  la  torba- 
lama,  ate...  L*  aviso  a  aorveld  la  trlanglo  da  nasaraa  salon  ana  direction  adrldlenaa 
antra  38900  at  44000  plads  (11600  at  13400  a)  da  li,30  8  1.5,30  TO  la  praaier  jour  at 
antra  40000  at  49000  plods  (12200  at  13700  a)  da  09.00  8  11.00  TO  la  ascend  Joor;  lari  da 
ehaqoa  epdratlee,  4  alien  at  reason  8  altitude  coni t ante  ont  ainal  dtd  axdcutdi,  lot 8- 
raisant  8  niveau  diatanta  d’anvlr-n  300  abtxss  aalan  la  vertleala. 

Las  rdsolteta  daa  oasoras  sent  rapport ds  eoeoiacteaent  dans  laa  flgnraa  luivastei  i 

1°)  figure  6  dormant  la  rdpartition  vartlcale  da  la  tanpdrature  et  dv  vent 
(vltaaaa  at  direction)  an  ohacun  das  troic  points  da  maaurs  entra  las  niveaux  8  et 
25  ha  1*  21  novenbra  1968  k  12.30  TU. 

La  aaorbe  da  la  taopdratnra  da  Cha.ttraa  aaabl«.vraieaoblablaannt  an  raison  d'ona  arraer  iyi- 
tdnatiqoe  da  aaaore  -  ddealda  d'anviran  300  n  par  rapport  aux  coorbea  raprdsantativaa  da 
Magij  Inn  Immi  at  Pltklvlari  qul  sent  aanalbl  »nt  confoadass;  par  solta  d'on  hlocage 
da  radlasonde,  la  aaodaqe  da  Pithlvlara  •  'eat  art  dtd  8  on*  altitude  on  pan  supdrlaora  8 
14  tan. 

Par  allleora,  la  taapdratore  aaaorda  par  1' avion  CAMUxIA  antra  11.30  at  13.30  TO  figure 
aaoa  la  fern  d'oaa  eoorbo  an  trait  paint  qni  eat  an  axcallant  cccerd  avac  laa  prdcddantac 
antra  11300  at  13300  abtras.  Knfla  act  rapartda  aor  la  graphlqos  la  rdpartition  vertical# 
da  la  taaqrfratore  dans  l'ataeaphbre  08CX  (caarba  an  trait  plain). 

La  trapapnasa  act  axtrtMacnt  bias  aarqod*  8  one  altltnda  da  l'ardra  da  12300  n  avac  ana 
te~fdretam  d'anviran  -72  *C,  r  mart  ant  rapldaaaat  aa-dassos  (-45, 5*C  8  12800  a);  aprbi 
an  stetlonaaaaat  ralatlf  (-65,0  8  -85,5*0  aor  1000  ahtraa  d'dpaisaaor,  an  absarvs  one 
naovalla  snots  da  tiapdratvr*  d'aavlreo  +4,5*C  aor  300  a,  d'aft  oaa  respirators  da  -41,0* 

8  14100  a  auadrlanra  da  -1*C  »  calls  i  la  tropapaoaa.  4  reaerqoar  qos,  poor  la  eendage 
da  Chart raa  da  21  navaabra  1**8  8  09.30  TO.  la  aaata  da  taapdratore  aaaurda  8  la  tropapaoaa 
a  dtd  da  orda  da  8*C  (da  «71,4*C  8  -43,6'C)  aor  oslai  da  300  a8tr«a  d'dpaisaaor. 

La  vltaaaa  at  la  dlraotlon  du  vent  prdsentent  dgalanent  un  cleailleaent  narqud  ■ 
ddfinl  par  lee  source  faitee  8  la  foil  &  l’aida  daa  trole  ballons  (lancde  einul- 
tandaent  daa  troic  points)  at  8  l'alda  da  X 'avion  CANBERRA  (plateforne  k  inertia). 
C'eet  ainal  qua  la  vltesss  du  vent  varie  da  l?/l4  a /a  entra  11700  at  12000  o  8 
24  a/s,  e'eat-a-dira  environ  la  double,  vers  12650/12700  a,  pour  e'abaieser  Juaqu'k 
environ  e/10  n/s  vara  13500  a.  Siaultandnent  la  direction  du  vent  pasee  da  21CT 
(Ouast)  - -ra  12500  a  k  33<P  (Ncrd-Oueet  l/<  lord)  vere  13500  n  pour  revenir  a  270* 
(Onset)  veru  14000  o. 


(1)  D.N.  AXE0RD  i  On  the  accuracy  of  elnd  aeaiurese  ts  u*ing  an  Inertial  platforo  in 
an  aircraft,  and  an  axaaple  of  a  oaaauraaant  of  the  vertical  aaaostruoture  of  the 
atnosphare  (Journal  of  Applied  Meteorology,  aoflt  1968,  9 ol,7,  P’4,  pp.  645-666). 
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Ce  ranarguabln  "oiaelllanant"  4*  vent  at  da  tsapdrstura  a  Hi  *i)oonpagn 4  d'u&e  li&tt 
turbulnac*  an  air  liapide  ranooatrda  par  la  CAYBi&fU  taat  h  la  -oaiia  gu'k  la  Ctssoenta  > 

a)  Dmi  ana  eaaeka  eltnda  antra  41000  at  41300  piada  (13433  *  12449  a),  e'ut«Mln 
Jests  an-daaana  da  la  trapapanaa  at  an  aeXneldeaee  me  an  "shear"  da  vest  (variation 
ddtaetda  k  la  fata  par  las  msaraa  radar  ear  trala  paints  at  lea  nemrea  deltas  k  hare 
da  CAL.  JtfiA)  blep  nargad  ear  la  vltetse  :  accreit  uncut  da  13  k  24  «/*,  salt  3  m/s,  at 
anr  U  dir  stir  i  rot at Ian  da  270*  (Onset)  k  300*  (Bard» .»-«t  1/4  enset),  salt  30*. 

b)  Dana  ana  caacha  sitada  antra  43100  at  43300  plads  (13133  -  13194  a),  eerraapandaat 
1  la  tana  da  tanpdratare  atatlanaalra  nt-daaaaa  da  la  trapapanaa  aignalds  ci-deaaoa  tandts 
gas  la  vent  a  snared  am  vitasaa  at  v  la  fairs  an  direction  ana  variation  Inverse  k  la 
prdcddmta. 

2*)  kjjgra  7  sens  ferns  da  tab  Inca  dasaemt  la  repartition  verticals  da  la  taip4» 
ratnra  satrs  l't  mlvaatnc  10  at  23/26  tai  pear  cbscaa  daa  9  aaadagae  trl-faarolres.  La  tan 
vdratnra  report 4a  ae  calls  na  sards  par  Hagay-la—Henetwr,  gdadralansat  pan  different* 

«ia  la  tanpdratnra  nr  *nrda  mb  daax  astra*  paints. 

Pncr  -<•$  ssndagas  da  13.30  TO  k  21,30  TO,  la  trapapanaa  (-?1*C/«69*C)  rests  nattaanat 
notH*6*r  l'dpaiaaanr  da  la  coach*  da  tanpdrntvrt  nlnlnala  tend  k  a'accraStre  jaagn'k 
300,  pals  1000  a.  Semite,  saa  altltoda  tend  k  a'dlaver  ldgkranent  (12600  a)  atari  qua 
r  tanpdratare  l-70,0*C  pels  ■47,5'C),  la  eaoeha  da  t aspirator*  nlnlnala  a'adK.aiiat 
-n  fin  L>  pdrioc 

An-  insane,  Jua^  'an  civ  nan  14000  n,  las  "accident*"  da  tanpAratara  aanblant  Uda  k  l'(n> 
lnt'vo  da  la  trapapanaa.  Cast  a  Inal  gn'aacx  sondagsa  da  09.  jO  at  12.30  TO  train  rdchaaf- 
fmsnta  aont  natda  vers  130CO  n  (-64/65*0,  14000  n  (-6.,  62  O  at  13300  n  (-62/63*0, 
sdpards  par  daax  car  s  da  rafraldiasanant  vara  13300  n  (-66/67*0  at  14700  n  (-65/66*0. 

*«x  eoadagac  anivai.'.s,  avac  iUpaluluannt  do  la  concha  da  transition,  cas  "accidents* 

.*  tnapdratnra  a'attdauant  at  flnlsaaat  ndna  par  dlaparattra  pmagas  tatalanant  an  fin 
da  pdrlada. 

Da  16000  k  7000  n,  la  tanpdratare  rent*  etatlannaira  ou  haiaaa  progransivanant  (do  -62* 
k  -65*0. 

Daas  1c  caacha  da  19000  k  26000  n,  la  ddcrslssancs  da  teapdratora  aat  natta,  me  -69/70*C 
var®  23000a.  A  not*’,  rax  eondagai  da  13.30  at  21.30  TO,  Ic  nalasance  d'  "accldante"  da 
tanplratnra  ?ea  in  sert  ant  a  antra  19300  «t  22000  n  gal,  d'allUars,,  a'attdanent  pain 
disparnissant  aox  sandagas  solvents* 


J'axprlaa  naa  vlfa  ranarctonaats  k  M  C.7.M.  AAMUUKM,  chaf  -j  Mntaaralagleal  laaeareb 
Plight  (Oranda-kratagaa),  gui  a  hlan  von  In  p-rtieipsr  al  abllgaanaant  1  nea  enspagnaa 
do  aa auras  da  aavenbta  at  ddcaobra  1968  at  -  „  aatarlaar  k  fairs  dtet  daa  doandaa 
d'ehsarvatlaea  obtaanaa  k  portlr  do  CAtts-AA. 


Figure  3  -  Sen4sg<  4e  vent  4  M»gny-le»-H«ee«ux  le  11  aari  1968  6  22.00  TO. 

IMegiaeaa  4a  vent  r<el  an  fenctien  4c  l'altltu4e. 


Figure  6  -  Seo4age  4c  vent  6  Kegey - lee-UaMaux  le  11  aar*  1H8  4  22. OC  TV  - 

Taapltetere  ITk>  an  altlto4e  ( >**r  tranche*)  i  100  kitaaetrre*  4e 
Kagay-lte-Saaeauz  4aae  dm  41rectlee  perpen4  lea  lei  re  >u  vent  teeul 
to  cuppecant  I'bypeth***  gteet rephlqtte  et  ene  t— p4rat are  *t*a6ar4 
OAC I  ITx)  6  Kcgay-lei-Haaaaiu, 


rtfstlt  5  -  S*n4aga  <ia  vant  4  la  XI  Mr*  1968  6  22.00  TO. 

44partltl*n  4*  X'dnargla  ctattlqoa  (an  J*»laa)  an  fanctlati  da  X'altitvda 
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SUMMARY 


Measurements  of  turbulence  statistic*  at  various  heights  above  mean  sea  level  are  described. 
Digital  data  acquisition  and  processing  techniques  were  used  to  analyze  signals  from  a  linearized 
constant  temperature  anemometer.  Mean  viscous  dissipation  rates  measured  from  the  velocity 
derivative  were  found  to  be  inversely  proportional  to  the  height  as  expected  for  a  constant  stress, 
neutrally  stratified  boundary  layer.  Streamwise  velocity  spectra  exhibit  ext'-sive  inertial 
subranges,  even  at  scales  larger  than  the  height.  Probability  distribution  functions  for  tl  >  velocity 
difference  between  points  separated  by  1  cm  are  compared  with  lognorme5  predictions  of 
Kolmogcroff  and  Yaglom. 
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INTRODUCTION 

In  this  paper  some  hot  wire  measurements  of  turbulence  a  few  meters  above  the  surface  of  the 
open  ocean  are  described.  Such  measurements  are  of  interest  for  several  reasons,  Many  ele¬ 
mentary  propositions  of  turbulence  theory  have  been  difficult  to  compare  with  experiment  simply 
because  high  Reynolds  number  flows  are  difficult  to  generate  and  measure  in  the  laboratory  and 
because  the  requirements  of  power,  weight  and  protection  for  the  instrumentation  required  for  the 
measurements  can  hardly  be  supplied  anywhere  else.  Consequently  it  was  over  twenty  years 
before  Kolmogoroff1  s  second  similarity  hypothesis1  was  conclusively  tested  by  Grant,  Stewart  and 
Moilliet3  by  measurements  of  turbulence  in  a  tidal  channel  at  Reynolds  numbers  of  order  108.  A 
number  of  hot  wire  measurements  in  the  wind  over  the  bay  near  Vancouver  have  been  reported3"4 
but  few  if  any  similar  measurements  have  been  made  over  the  open  ocean  despite  the  fact  that  a 
large  fraction  of  the  earth's  surface  is  covered  by  open  ocean  and  important  turbulent  transport 
processes  occur  in  the  turbulent  boundary  layer  in  the  air  near  this  surface.  Therefore  one  pur¬ 
pose  of  the  present  experiment  was  to  explore  some  aspects  of  the  turbulence  structure  in  this 
little  known  but  important  boundary  layer,  and  to  develop  techniques  and  procedures  for  later 
studies. 

An  elementarv  result  of  the  theory  of  high  Reynolds  number,  constant  stress  turbulent  boundary 
layers  which  is  very  difficult  to  test  in  the  laboratory  is  the  prediction  that  the  viscous  dissipation 
rate  (  should  be  inversely  proportional  to  the  distance  from  the  surface.  KlebanoL7  found  it  was 
necessary  to  measure  various  derivatives  of  velocity  components  to  accurately  determine  C  , 
since  local  isotropy  was  not  obtainable  at  his  laboratory  Reynolds  numbers.  Bradshaw8  determined 
€  by  difference  in  his  energy  balance,  and  remarks  that  it  Is  a  difficult  and  inaccurate  quantity  to 
measure.  The  effective  Reynolds  number  for  the  present  study  is  several  orders  of  magnitude 
larger  than  the  largest  possible  for  boundary  layers  measurable  in  a  laboratory.  Based  on  mean 
velocity  and  height  above  mean  sea  level  the  Reynolds  number  Uy/v  for  the  present  study  varied 
from  2  x  '  0®  to  7  x  10&. 

An  important  property  of  high  Reynolds  number  turbulence  is  the  tendency  for  the  small  scale 
structure  to  become  quite  variable,  or  "intermittent".  The  extreme  variability  of  the  local  dissi¬ 
pation  rate  at  high  Reynolds  number  induced  Kolmogoroff  to  refine8  hi9  previous1  universal  simi¬ 
larity  hypotheses  based  on  the  mean  dissipation  (().  Kolmogoroff  assumed  that  the  local  dissi¬ 
pation  should  be  a  log-normal  random  variable.  Yaglom10  has  provided  some  physical  basis  for 
this  assumption  by  showing  that  at  high  Reynolds  number  the  local  dissipation  can  be  written  as 
the  product  of  a  large  number  of  independent  identically  distributed  random  variables  using  an 
assumption  much  like  the  usual  cascade  hypothesis.  Thus,  by  applying  the  central  limit  theorem, 
the  logarithm  of  the  local  dissipation  should  be  Gaussian. 


EXPERIMENTAL  ARRANGEMENT 

The  crucial  requirement  of  a  stable  instrument  platform  was  satisfied  by  the  Scripps  Institution  of 
Oceanography  Floating  Instrument  Platform  (FLIP)  shown  in  Figure  1.  In  the  vertical  mode  FLIP 
typically  has  horizontal  motions  of  less  than  five  feet  and  has  had  measured  vertical  displacements 
of  only  three  inches  in  36-foot  waves.  She  is  equipped  with  sufficient  laboratory  space  for  several 
instrument  racks,  and  ample  regulated  power  is  available. 

The  experiments  described  in  this  paper  were  carried  out  on  FLIP  about  50  miles  off  the  Mexican 
coast  with  the  wind  from  the  west  over  the  open  Pacific  ocean.  Wind  velocities  in  the  streamwise 
direction  was  measured  using  a  Thermosystems  linear  constant  temperature  anemometer  circuit. 
A  platinum  hot  wire  two  mm  long  and  7.  62  micron  in  diameter  was  used,  as  well  as  a  tungsten 
wire  1  mm  long  and  3.  8  microns  in  diameter. 

The  probes  were  mounted  on  a  fin  stabilized  "fish"  suspended  by  cable  from  the  end  of  the  37 
foot  port  boom  as  shown  in  Figure  2.  Pendulum  motions  were  prevented  by  tag  lines  attached  to 
the  cable  above  the  fish.  The  probe  was  positioned  in  the  boundary  layer  by  pulling  up  the  support 
cable  on  a  winch. 

The  cable  connecting  the  hot  wire  in  the  anemometer  bridge  was  200  feet  long,  and  consequently 
it  was  necessary  to  modify  the  aneuiumeier  bridge  circuit  to  achieve  stable  operation.  Some  loss 
of  frequency  response  was  observed  above  about  2,  000  nz,  but  this  is  adequate  for  the  present 
measurements. 


The  local  viscous  dissipation  rate  per  unit  mass  c  is  given  by 


‘j  ‘j 


ti) 


whe  re 
du ./  ix^). 


is  the  kinematic  viscosity  of  the  fluid  and  e..  is  the  rate  uf  strain  tensor  l/2(3u./  3*.  + 
Summation  over  repeated  indices  is  assumes}1.  For  locally  isotropic  turbulence 
thi  mean  dissipation  rate  (( /  may  be  measured  from  the  mean  square  streamwise  gradient  of 
the  streamwise  velocity  'Uj/dXj 
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Since  the  Jutput  voltage  rt  of  a  linearized  hot  wi  j  anemometer  circuit  ie 

e  =  A  u, 


anc  since 


d  (AUj )  duj 


e  dt  Aujdt  dxj  '  ' 

it  is  clear  that  (e)  may  be  measured  without  knowing  the  calibration  constant  A  in  (3)  since, 
from  (3),  (4)  and  (2) 

ve/ 

The  approximation  that  < (de/dt.)/e)^' >  ia  ((de/dt)^)  /  (e  is  valid  if  the  voltage  and  its  deriva¬ 
tive  are  independent  or  if  e  is  nearly  constant.  These  restrictions  were  satisfied  to  a  sufficient 
degree  for  the  present  experiments. 


RESULTS 

Figure  3  shows  the  calibration  curve  for  the  linearized  hot  wire  anemometer  measured  in  the 
Aerospace  and  Mechanical  Engineering  Sciences  Department  wind  tunnel  after  the  operation  at  sea 
using  the  same  circuit  and  cables.  Clearly  the  response  is  linear  within  experimental  error. 

The  zero  point  was  tested  immediately  before  and  after  each  of  the  measurements  at  sea  and  no 
measurable  shift  was  observed. 

Figure  4  shows  a  log-leg  plot  ot  (  (hereafter,  average  brackets  on  £  are  assumed)  estimated 
using  the  approximate  form  of  equation  (4).  The  linearized  anemometer  output  wan  recorded  on 
a  strip  chart  and  the  mean  value  (e  )  determined  directly  from  the  trace.  The  mean  square 
derivative  ( (de/dtV^)  was  estimated  from  a  simultaneous  strip  chart  recording  of  the  Hewlett 
Packard  3400A  RMS  Voltmeter  DC  average  output  with  twenty  second  time  constant.  The  input 
derivative  signal  was  obtained  by  preamplifying  the  anemometer  output,  band  pass  filtering  from 
0.  2  to  2,  000  hz,  and  differentiating  this  signal  using  Tektronix  O-unit  operational  amplifiers 
and  a  Krohn-Hite  330-A  filter. 

During  the  measurements  the  mean  velocity  at  10  meters  was  about  720  cm/sec  measured  using 
...eiuon.viur  calibration  curve  of  Figure  3.  might  bs  noted  that  this  velocity  is  about  30  per 
cent  lower  than  the  value  Indicated  by  the  ship's  cup  anemometer.  As  shown  in  Figure  1,  FLIP'S 
anemometer  is  close  to  the  ship's  hull  where  the  flow  might  be  accelerated  by  this  amount,  and 
this  is  assumed  to  have  been  the  case. 

The  heights  above  mean  eea  level  are  accurate  to  about  ±  1  foot  in  Figure  3.  Vertical  motions  at 
the  end  of  the  boom  ware  approximately  ±  6  inches. 

Wave  heights  during  the  test  were  about  2  meters  peak-to-peak  so  that  the  1  meter  point  on  Fig.  4 
was  actually  below  th  crests  of  the  higher  waves.  Shortly  after  the  probe  was  moved  up  to  the  2 
meter  position  a  wave  immersed  the  bottom  of  the  fish,  narrowly  missing  the  probe.  The  point 
at  14.  2  meters  was  obtained  by  mounting  the  probe  on  the  radio  antenna  extending  from  the  upper 
deck. 

The  data  in  Fig.  4  is  compared  with  a  line  of  slope  minus  one  which  might  be  expected  for  a 
constant  stress  turbulent  boundary  layer.  Assuming  that  energy  flux  lost  only  by  viscous  dissi¬ 
pation  using  u^/Ky  for  the  mean  velocity  gradient  leads  to  the  result1 

f  =  a*  3/Ky  (6) 

where  u%  Is  the  friction  velocity  (o/p)*^,  O  is  the  stress,  p  is  the  density,  K  is  Von 
Karman's  constant  0,  41  and  y  is  the  distance  from  the  bo  ndary.  Close  to  the  surface  but  far 
from  the  viscous  sublayer  a  high  Reynolds  number  equilibrium  turbulent  boundary  layer  should 
have  constant  stress,  so  i  should  be  inversely  proportional  to  y  as  given  by  (5).  Hence,  by 
measuring  (  and  y  given  K  and  p  ,  it  should  be  possible  to  determine  the  stress  O  using  (5) 
and  the  definition  of  u#  . 

Figure  5  shows  the  data  of  Fig.  4  plotted  as  l/<  versus  y  ,  in  order  to  determine  a  virtual 
origin  yo  for  the  expression 

i  /<  *  -*4  <y-y0)  (?) 

U*  2 

In  this  way  u+  was  found  to  be  19.  b  cm/sec,  corresponding  to  a  stress  of  0.  47  dy^e/cm  and  a 
drag  coefficient  C,Q  B  (u^/U,*)2  of  7.  5  x  10'4.  The  virtual  origin  y  was  1/2  ±  1/2  meter,  much 
smaller  than  the  height  of  the  waves.  U^q  is  the  mean  velocity  at  10  meters. 

The  indicated  drag  coefficient  ie  rather  low  compared  to  most  recent  measurements^which  give 
values  about  twice  as  large  based  on  profile  measurements  or  direct  measurements  of  stress.  It 
is  not  clear  at  this  time  why  the  dissipation  technique  should  give  a  iower  value  for  ■V  than  the 
conventional  ir-thods,  and  further  work  is  in  progress  to  answer  this  question.  It  is  conceivable 
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that  the  low  Cjq  value  occurred  because  the  boundary  layer  was  stable  since  the  air  and  water 
temperatures  were  not  measured  at  the  time  of  the  measurements.  However,  since  measurements 
or.  previous  days  indicated  air  tempera  res  slightly  cooler  than  the  water,  and  since  the  measure¬ 
ments  were  made  in  the  afternoon  of  a  w'tidy,  sunny  day,  it  seems  probable  that  the  boundary 
layer  was  neutral  or  slightly  unstable. 

Figures  6a,  b,  and  c  show  streamwiss  velocity  spectra  measured  at  heights  of  1,  2,  and  7  meters 
above  the  mean  sea  level.  Velocity  signals  wero  recorded  on  a  magnetic  tape  as  12  bit  samples 
at  350  samples/sec.  Spectra  were  computed  using  the  fast  Fourier  transforms  of  2048  sample 
recordb  averaged  over  20  records  for  each  position.  The  spectra  are  compared  with  the  -5/3 
slope  expected  from  Kolmogoroff1  s  second  similarity  hypothesis.  An  interesting  feature  of  the 
Rnectra  is  a  slight  significant  dip  which  appears  for  he'ghts  of  1  and  2  meters  at  wavenumber 
k  =  2c/y  ,  or  wavelength  y  .  For  the  spectrum  at  7  meters  the  dip,  if  any,  is  less  distinct. 
Pond  mentions  a  similar  distortion  in  his  spectra  measured  in  the  wind  over  waves  in  a  bay. 

Data  used  to  calculate  the  spectra  of  Fig.  6  were  also  used  to  calculate  the  statistics  of  the  velo¬ 
city  difference  for  small  separation  shown  in  Fig.  7.  Since  the  mean  velocity  for  each  set  of  data 
was  approxh-nately  350  cm/sec  and  the  turbulent  intensity  (standard  deviation)  was  only  4  to  5  % 
the  samples  in  time  correspond  to  samples  separated  in  space  by  a  distance  of  about  one  centi¬ 
meter.  Since  the  spectra  of  Fig.  6  show  viscous  cut-off,  it  is  also  clear  that  this  separation  is 
smaller  than  the  viscous  scale  so  that  velocity  differences  between  successive  samples  approximate 
values  of  the  velocity  derivative  du,  /dXj. 

Figure  7  shows  the  calculation  of  the  probability  distribution  functions  for  the  logarithm  of  the 
velocity  difference  squared  for  the  data  at  the  three  elevations.  The  probability  coordinate  has 
been  stretched  in  such  a  way  that  Gaussian  distribution  functions  lie  on  straight  lines  so  that^e 
data  can  be  compared  with  the  log-normal  distribution  predicted  by  Kolmogoroff® and  Yaglom  for 
i.’.rbulence  at  very  high  Reynolds  number.  Also  shown  ir  Figure  7  are  kurtosis  and  skewness 
values  for  the  velocity  difference  Au  .  Kurtosis  is  de.  d  as  the  fourth  moment  about  the  mean 
of  a  random  variable  divided  by  the  square  of  the  secon.  oment,  and  skewness  is  defined  as  the 
third  moment  divided  by  the  3/2  power  of  the  second. 

It  is  clear  :'rom  the  plot  that  all  the  measured  distribution  functions  can  be  fitted  adequately  by 
straight  lines  over  the  range  of  probabilities  from  50  to  99.  9%,  corresponding  to  log-normal 
behavior.  Reynolds  numbers  based  on  mean  velocity  and  height  above  mean  sea  level  ranged 
from  2  x  105  to  2  x  10^  .  Values  of  kurtosis  were  about  20,  which  is  very  large  compared  to 
3  corresponding  to  a  Gaussian  distribution  and  illustrates  the  phenon  ton  of  small  scale  inter- 
uiiuency  for  high  Reynolds  number  turouience.  Using  a  method  sugg-ated  by  Batchelor, '  a  kurtosis 
value  of  21  corresponds  to  a  Gaussian  derivative  concentrated  in  only  15  per  cent  of  the  fluid 
volume.  It  is  interesting  to  note  that  the  measured  values  of  kurtosis  do  not  show  a  tendency  to 
increase  with  height,  and  hence  Reynolds  number, as  expected  if  Reynolds  number  is  the  only 
factor  determining  intermittency.  The  implication  is  that  it  is  not.  Skewness  factors  were  very 
large  and  negative,  consistent  with  previous  evidence  that  turbulent  fluid  elements  tend  to  be 
stretched  into  sheets,  but  inconsistent  with  a  great  number  of  measurements  which  give  about 
-0.  4  for  this  quantity  at  lower  Reynolds  numbers.  Skewness  values  are  notoriously  difficult  to 
measure  accurately,  and  it  may  be  that  4  x  10*  samples  are  inadequate  for  convergence.  The 
fact  that  three  sets  of  sampler  il.is  size  gave  consistent  magnitudes  and  trends  for  both  kurtosis 
and  skewness  does  seem  to  suggest  approximate  convergence,  however.  Because  the  velocity 
differences  were  usually  only  a  few  bits  in  magnitude  in  spite  of  the  large  dynamic  range  provided 
by  12  bit  velocity  samples,  it  is  possible  that  a  systematic  round-off  error  could  affect  the 
moment  calculations.  Examination  of  the  individual  distributions  did  not  indicate  that  the  deviation 
of  the  skewness  factors  from  -0.  4  could  be  accounted  for  in  this  way,  however. 
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Figure  1 


Scripps  Institution  of  Oceanography  Floating  Instrument  Platform  -  FLIP 


Figure  2 


Hot  wire  probe  mounted  on  "flab"  suspended  from  boom.  Tag  li.ies  below  prevent 
pendulum  motion. 
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Figure  3  Calibration  curve  for  linearised  hot  wire  anemometer  measured  after  sea  teste. 
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Figure  4 


Viscous  dissipation  rate  versus  height  above  mean  sea  level. 
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u*=(< r/p)'/z  *  19,6  cm/sec,  K-0.41 
C,0*{u#/U.J2«  7.5  x  lO’4tU,0s  720  cm/sec 
<r  =  0.47  dyne/cm2 
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Figure  6c  Velocity  cpectrum  at  7  meter*. 
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Figure  7  Distribution  function*  for  velocity  difference*. 
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An  engin'srlng  spectral  model  of  turbulsacs  is  developed  with  ht risen tal  wind  observations 
obtained  at  toe  NASA  150-metar  meteorological  tower  at  Cape  Kennedy,  Florida.  Spectra,  measured 
at  six  XaveXs,  are  collapsed  at  each  Xavsl  with  (nS(n)/u|0,f) -coordinate a,  where  S(n)  is  the  longi¬ 
tudinal  or  lateral  spectral  energy  density  at  frequency  n(Hz),  u*0  is  the  surface  friction  velocity, 
and  f  equals  nt/u,  u  being  the  swan  wind  spead  at  height  s.  A  vertical  collapse  of  the  dimension¬ 
less  spectra  is  produced  by  assuming  they  art  shape  invariant  in  the  vertical. 

An  analysis  of  ths  logarithmic  spectrin  in  the  inertial  subrange,  at  the  18-meter  level, 
spiles  that  the  local  swchanical  and  buoyant  production  rates  of  turbulant  kinetic  energy  are 
balanced  by  the  local  dissipation  and  energy  flux  divergence,  respectively. 


I. 


INTRODUCTION 
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To  dateraifts  the  retponee  of  apace  vehicles,  aircraft,  tall  atrueturaa,  ate.,  to  atmoepherlc 
turbulence,  the  engineer  requires  specific  Information  about  the  spectral  nature  of  atmospheric 
turbulence  because  the  aquations  of  notion  of  these  vehicles  or  structures  are  linear  and  are 
solved  with  Fourier  transform  techniques,  -  Thus,  the  environmental  forcing  functions  must  be 
represented  In  tetcu  of  epectra.  Motivated  by  this  requirement,  we  have  developed  a  model  for  the 
longitudinal  end  horizontal  lateral  spectra  of  turbulence  for  the  Kennedy  Specs  Center  area.  The 
longitudinal  and  lateral  components  of  turbulence  are  the  wind  fluctuations  parallel  and  t««rasl  to 
the  mean  wind  ve' tor  (see  Figure  1) . 


II.  THE  NASA  150-METER  METEOROLOGICAL  TOWER 


To  obtain  ml^rotaeteorologlcal  data  representative  of  the  Cepe  Kennedy  area,  especially  In  the 
vicinity  of  the  Apollo/ Saturn  V  launch  pads,  a  150-mater  meteorological  tower  wee  constructed  on 
Merritt  Island  at  KSC.  The  tower  facility,  discuaied  In  detail  in  a  report  by  Ktjfnan  and  Keene 
[1],  la  only  briefly  described  here. 

Terrain  Feature* 


Figure  2  shove  the  location  of  the  facility  with  respect  to  the  Seturn  V  space  vehicle  launch 
complex  39.  Located  about  three  miles  from  the  Atlantic  Ocean,  the  tower  la  situated  in  a  well- 
exposed  tree  free  of  near-by  structures  which  could  Interfere  with  the  sir  flow. 

The  aerial  photograph  (Figure  3)  of  the  terrain  aur-oundlng  the  tower  (point  T)  wee  taken  at 
3500  feet  above  mean  «ea  level.  In  the  quadrant  from  approximately  300  degrees  north  aclmutb'with 
respect  to  the  tower,  clockwise  around  to  90  degrees,  the  terrain  la  homogeneous  and  Is  covered  with 
vegetation  about  one-holf  tc  one  and  one-half  meter*  high.  Another  homogeneous  fetch  with  the  a  mm 
type  of  vegetation  occure  in  the  135-  to  160-degree  quadrant.  The  areea  A  (230-300  degrees), 

B  (90-135  degrees),  and  C  (160-180  degree*)  are  covered  with  treee  from  about  10  to  15  meters  tall. 
The  fetch  from  the  tower  to  areae  A  or  C  Is  about  200  meters,  and  the  fetch  to  area  B  la  about 
450  meters.  The  height  of  the  vegetation  over  theae  fetches  ranges  from  one-half  to  one  and  one- 
half  meter*,  aa  In  the  area  to  the  north  of  the  tower.  To  the  eouth-eouthweat  In  the  180-  to  230- 
dagree  quadrant  225  meters  from  the  tower,  there  is  a  body  of  water  called  Happy  Creek. 

Ins  trumantat Ion 

The  complete  tower  facility  comprlaea  two  towers ,  one  18  maters  and  the  other  150  metere  high 
(see  Figure  4).  The  level*  on  both  towers  are  instrumented  with  Cllmet  (Model  Cl-14)  wind  sensors. 
Temperature  sensors,  Olivet  (Model  -016)  aspirated  thermocouples,  are  located  at  the  3-  and  18-meter 
levels  on  the  small  cower  and  at  the  30- ,  60- ,  120- ,  and  150-meter  levels  on  the  large  tower. 

Foxboro  (Model  F-2711AS)  dewpoint  temperature  eenaore  are  located  at  the  60-  and  150-meter  levele 
on  the  large  tower  and  at  the  3-meter  level  on  the  18-meter  tower.  Hind  speed  and  direction  data 
can  be  recorded  on  both  paper  strip  cherts  end  analog  magnetic  tepee  with  an  Aapex  FR-1200  fourteen- 
channel  magnetic  tape  recorder  which  ueas  a  14- inch  reel.  The  temperature  and  dewpoint  data  are 
recorded  on  paper  strip  cherts.  To  avoid  tower  Interference  of  the  flow,  the  large  tower  la  Instru¬ 
mented  with  two  banka  of  wind  eenaore.  The  details  of  how  end  when  one  ewltchee  from  one  hank  of 
InatriMentatlon  to  the  other  bank  la  discussed  by  Kaufman  and  Keene  (1).  During  a  teat  In  which 
the  wind  data  are  stored  on  magnetic  tape,  only  one  bank  of  lnatr (Mentation  la  used  to  avoid  Inter¬ 
ruption  of  the  wind  dfcta  algesia  within  any  magnetic  tape  recording  period,  and  thus  to  avoid  data 
processing  difficulties  whan  converting  analog  tepee  to  digital  tepee. 

Surface  Roughness  Length  (»o) 

In  an  earlier  report,  Fichtl  [2]  discussed  the  aurfece  roughness  length  :onfigureticm  assoc¬ 
iated  with  the  NASA  meteorological  tower.  This  analysis  was  based  upon  wind  profile  lews  that  are 
consistent  with  the  Honia-Obukhcv  similarity  hypo thee  is,  The  calculations  of  s0  wore  based  on  wind 
dace  obtained  at  the  IS-  and  30-meter  levels  and  on  temperature  data  obtained  at  the  16-  end 
60-metor  levele.  Moat  of  the  measurement*  were  obtained  during  the  houre  of  0700  and  1600  BSTj  the 
gredlent  Rleherdaon  numbers  at  23  metere  (geometric  height  between  16  and  30  metere)  for  the  thirty- 
nine  cease  ranged  between  -5,82  end  +0.079.  The  results  of  theso  calculations  (tee  Figure  3)  show 
the  effect  the  terreln  features  have  upon  the  eurface  roughness .  Later,  It  will  j*  thorn,  through 
an  analysis  of  the  energy  budget  at  IS  metere,  that  these  roughness  lengths  ere  too  large. 


m.  CCKWTATI0MS  AND  INITIAL  SCAL1  0 


To  establish  a  spectral  model  of  turbulence  for  the  Kennedy  Space  Center,  approximately  fifty 
caees  of  turbulence  were  analysed.  The  procedure  used  to  calculate  the  loogltudlnal  and  lateral 
components  of  turbulence  consisted  of  (1)  converting  the  digitised  wind  speeds  end  dlreetioas 
(10  date  polite  par  second)  Into  the  associated  north-south  and  east-west  conponente  and  averaging 
these  components  over  the  duration  time  of  each  teet,  (2)  calculating  the  naan  wind  speed  end  direc¬ 
tion  with  the  averaged  conponente,  (3)  projecting  the  original  digitised  data  onto  the  naan  wind 
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vector  end  subtracting  the  mean  wind  speed  to  yield  .he  longitudinal  component*  of  turbulence,  and 
(4)  projecting  the  original  dlgitiaed  data  onto  a  normal- to- the-meen-vind  vector  to  obtain  the 
lateral  component*  of  turbulence.  Trenda  contained  within  the  data  were  removed  by  fitting  the 
longitudinal  and  lateral  component*  of  turbulence  to  lecond  order  polynomials  and,  in  turn,  at¬ 
tracting  these  polynomials  from  the  component  time  histories.  To  reduce  computation  ti'”-,  the  data, 
with  trend  removed,  were  block-averaged  over  half-second  intervals.  The  longitudinal  an„  lateral 
spectra  vers  calculated  by  using  the  standard  correlation  Fourier  transform  method*  given  by 
Blackman  and  Tukey  [3],  These  spectra  were  corrected  for  the  half-second  block-averaging  operation 
with  the  procedure  given  by  Pasquill  {4]  and  for  the  response  properties  of  the  instrumentation. 

To  combine  the  spectra  for  each  level  on  the  tower,  it  was  assumed  that  the  similarity  theory 
of  Hon in  [5]  for  the  vertical  velocity  epectrua  could  be  applied  to  the  longitudinal  and  literal 
spectra,  so  that 


(1) 


where  nS(n)  ia  the  logarithmic  longitudinal  or  lateral  spectrum  associated  with  frequency  n(H. 
and  u*o  ia  the  surface  friction  velocity,  or  rather,  the  square  root  of  the  tangential  eddy  stress 
per  unit  maas.  F  ia  tentatively  a  universal  function  of  the  <  .Jens tonless  wave  number  f  and  the 
gradient  Richardson  number  Rl.  The  dimensionless  wave  number  is  given  by 


f 


(2) 


Since  the  tower  did  not  have  the  capability  to  measure  vertical  -  eloclty  fluctuations,  the 
Reynold*  stress,  and  hence  u|,  cannot  be  calculated  with  first  principles;  vis.,  uf  ■  -u'w' ,  where 
u'  and  w1  are  the  longitudinal  and  vertical  velocity  fluctuations  at!  the  overbar  denotes  a  time- 
averaging  operator.  However,  an  estimate  of  the  surface  friction  velocity  can  be  calculated  from 
mean  wind  and  temperature  profile  data. 

According  to  Lualey  and  Fanofsky  [6],  the  mean  wind  profile  in  approximately  the  first  30  meters 
of  the  atmosphere  ia  given  by 


u(s) 


i£{lni-*(a/L')}, 


(3) 


where  k4  is  von  Herman's  constant  with  numerical  value  approximately  equal  to  0.4,  and  j  li  a  uni¬ 
versal  function  of  m/V .  L'  is  a  stability  length  given  by 


l' 


«*o 

*1* 


d* 


(4) 


where  T  and  6  are  the  Kelvin  end  potential  temperatures  associated  with  the  mean  flow.  The  quantity 
a/l'  Is  related  to  the  gradient  Richardson  txaber 


through  the  relationships 


u.JJt- 

(5) 

(du/da)* 

(Rl  <  -0.01), 

(4) 

(1  -  ISM)1/4 

m/V  -  Rl 

(-0.01  C  Rl  S  0.01), 

V) 

,/L'  •  rJSir 

(0.01  R  Rl  >  0.01). 

<a> 

6-3 


Equation  (6)  la  a  form  of  the  KEYPS  [6]  equation.  The  function*  y(*/L' )  associated  with  (7)  and 
(8)  are  given  by 


and 


*<»/V  )  -  -4.5 


(0.01  S  Ri  S  0.01) 


i|f(t/L')  “  *7  jT 


(0.1  i  Ri  >  0.01). 


(») 


(10) 


Lumley  and  Panofeky  [6]  have  graphically  Indicated  the  function  )  for  RI  <  -0.01  and  the 

function 


*(r/L')  -  0.044 


1.0674-0.679  ln(-e/L'/0.01) 


(RI  <  -0.01) 


(11) 


faithfully  reproduce*  their  curve. 

The  calculation  of  u*  wa*  baaed  upon  the  wind  data  neaaured  at  the  18-  and  30-aeter  level*  and 
the  temperature  data  measured  at  tue  18-  and  60-meter  level*.  Temperature*  at  the  30-meter  level 
were  estimated  by  logarithmically  interpolating  between  the  18-  and  60-meter  level*.  An  estimate 
of  the  gradient  Rlchardaon  number  (5)  at  the  23-meter  level  (geometric  mean  height  between  the  18- 
and  30-meter  levela)  waa  determined  by  aasuming  that  the  mean  wind  apeed  and  temperature  are 
logarithmically  dlatrlbuted  between  the*c  levela.  The  gradient  Rlchardaon  number  estimated  in  this 
manner  1*  given  by 


rko  -  ~£ — 

8  T(*g) 


*(«2)  *  T(*j) 
ig  lnli^ij) 


+ 


(12) 


where  f (*)  la  the  mean  temperature  at  height  a;  *x  and  ta  denote  18  and  30  meter*;  and  *g  «  > / *xa8. 

To  calculate  u^,,  ig/L  waa  evaluated  for  each  caee  by  mean*  of  on*  of  the  three  aquation*  (6) 
through  (8),  corresponding  to  the  appropriate  Rlchardaon  nuhbar  claa*.  V  waa  then  aaauead  to  be 
Invariant  with  height,  and  *(18/1/ )  wa*  estimated  by  aquations  (9)  through  (11),  Equation  (3)  waa 
then  evaluated  at  tha  18-meter  level  and  solved  to  yield  u*o>  The  value*  of  ie  used  for  this  cal¬ 
culation  are  given  in  Figure  3. 


IV.  THE  INERTIAL  SUBRANGE  AND  REVISED  VALUES  OF  THE  SURFACE  ROUGHNESS  LENGTHS 
In  the  inertial  subrange  tha  longitudinal  spectrum  is  given  by 


oS^n) 

^r 


(13) 


where  a  1*  Kolmogorov's  constant  with  a  masrlcal  value  equal  to  0.146  according  to  Record  and 
Crmasr  [7].  The  quantity  0t  is  the  dimensionless  dissipation  rat*  of  turbulent  kinetic  energy 
per  unit  mass  given  by 


(14) 


where  *  is  the  rat*  of  dissipation  of  turbulent  energy.  Below  30  maters,  where  w*  should  aspect 
the  Monin  and  Obukhov  similarity  hypothesis  tor  tha  wind  profile  to  be  valid,  0t  is  a  function  of 
Ri  only. 

Inferences  concerning  tha  dependence  of  0L  on  Ri  can  be  mad*  with  the  aid  of  tha  eddy  energy 
equation.  For  homogeneous  terrain,  this  equation  is  given  by 
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IK. 

dt 


ua  +  _i_  4 

*  d«  Cpp  j 


(13) 


where  H/Cpp  is  the  eddy  hast  flux  e'w' ,  p  1*  the  mean  density,  E*  the  turbulent  kinetic  energy  per 
unit  aa«i ,  p'  and  w'  denote  the  turbulent  fluctuations  of  preaeure  and  vertical  velocity,  and  u*  la 
the  local  friction  velocity  (u*  »  u*0  In  the  Monln  layer).  Following  Busch  and  Fanofeky  [8],  we 
write  (13)  in  dimensionless  form,  to  that 


<Vv>>a0  •  r  *  0€  -•  v 


(16) 


The  terms  in  this  expression  are  In  one-to-one  correspondence  with  those  of  (13)  and  L  Is  the  Monln- 
Obukbov  stability  length 


I. 


ki  gH  * 


(17) 


Hear  the  ground  a  majority  of  meteorological  conditions  are  characterised,  at  leaat  approximately, 
by  horlsontal  homogeneity,  steady  mean  wind  with  no  change  of  wind  direction  with  height,  and  steady 
heating  from  below.  In  moat  cases,  it  la  reasonable  to  make  these  assumptions  with  regard  to  the 
KSC  tower  site.  Thus,  to  a  reasonable  degree  of  approximation,  we  have  di/dt  »  0,  and  equation  (16) 
Implies  that  in  the  Monln  layer 


*  -  i  -  W  °*  (l8> 


Various  authors  have  hypothesized  various  schemas  to  balance  the  left-hand  side  (18).  tumley  and 
Fanofsky  [6]  auggeat  that  the  local  mechanical  energy  production  la  balanced  by  the  local  viscous 
dissipation,  so  that 


0f  «  0,  (») 

and  thus  the  buoyant  energy  production  la  balanced  by  the  energy  flux  divergence  term,  making 


02  -  -s/t.  (20) 

Busch  and  Fanofsky  [8]  suggest  that  the  flux  divergence  term  Is  negligible  and  the  local  viscous 
dissipation  Is  balanced  by  both  the  local  mechanical  and  buoyant  energy  productions,  so  that 

0€  -  0  -  a/i.  (21) 

He  shall  nail  (19)  and  (21)  hypo theses  I  and  XX. 

Aooecdlag  to  Daisy  sad  Fanofsky, 

0»  a  •  i«*o*1/4  <»*) 


in  the  urns  table  Mania  layer.  This  form  of  dm  dimensionless  shear  is  consistent  with  (6).  Open 
aeahlalag  (13),  (19),  and  (12),  the  spectrum  la  tits  Kolmogorov  subrange  far  hypothesis  X  takes  tits 
fen 


•akl*/*  (1 


lggl)-i/e  ra/s. 


(23) 


Ccmblalsg  («), 


(13),  (17),  (21).  sad  (22)  yields 


(2*) 


6-5 


lor  hypotheala  II,  where  Kg  and  ar*  the  eddy  vlacoaity  and  heat  conduction  coefficient*  given  by 


“I 

Kg  -  .  («) 

du 
di 


and 


(26) 


Plgura  6  llluatrataa  (nSu(n)/uf0]I  and  [nSu(n)/u?0]I1  aa 
K^/Kg  -  1.3.  Aa  -tt  approach#*  Infinity,  (nSu(n)/ jJoJi  eonvat_ 

dlvargaa.  Aa  -Ri  approachaa  taro,  [n^fnl/ufoJY  aa  yap  tot  leal  ly  approachaa  [nsj(n)/uj0j  jj.^^Tha 
dlffaranca  batman  (Sglv  and  [SuItj  la  aaall  (within  tha  no  la  a  level  of  the  data)  for  81  >  -1.0, 
and  thua  It  la  difficult  to  rajact  one  hypotheelt  In  favor  of  tha  other  for  aufflclently  aaall  -Kl. 


,l4  function*  -81  for  f  -  1.0  and 
coovargea  to  aaro  and  [nS^al/ugolTi 

oHmIIv  •nnrAOi'Kaa  fnft  V 


The  16-aatar  level,  longitudinal  apactra  vara  uaad  to  teat  hypothaaaa  I  and  II.  At  18  aatara 
tha  tut-off  value  of  f  waa  apple—'-**-1”  ’  "  In  aeat  of  the  caee*  Actually,  the  Kotaogosov  aub- 
ranga  oceura  at  auch  graatar  dlaanalonleaa  wav#  nuabari ;  however,  tha  -3/3  power  law  behavior 
extend*  down  to  valuaa  of  f  on  the  ordar  of  unity  for  the  longitudinal  apactrua,  while  thla  la  not 
true  for  tha  lateral  apactrua.  In  addition,  tha  Mon In  and  Obukhov  alailarlty  hypotheala  for  the 
wind  profile  upon  which  tha  calculation  of  ii^  la  baaed  la  at  aoet  valid  below  30  aatara.  Accord¬ 
ingly,  the  18-aatar  longitudinal  apactra  are  the  only  onaa  that  could  be  uaad  to  teat  the  validity 
of  hypothaaea  I  and  II  without  Introducing  aaauaptlona  about  how  the  eddy  atraaa  and  boat  flux  vary 
with  height. 

In  figure  6  wa  have  plotted  tha  axparlawntal  valuaa  of  nSgOO/ugo  for  tha  longitudinal  apectrtaa 
for  f  ■  1.0  aa  a  function  of  -11.  Tha  experimental  raaulta  acatter  about  tha  daahad  lino,  but  they 
appear  to  favor  hypotheala  I  nor*  than  hypotheala  II,  aapeclally  for  81  i  -3.0.  If  wa  accept  hypo- 
thaala  I,  than  wa  wuat  conclude  that  tha  a cal log  valocltlea,  u*o,  arc  too  large  and  thua  tha  rough- 
naaa  langtha  ara  too  large.  If  v*  rajact  hypotheala  X,  than  wo  anat  accept  a  nora  coapllcatad 
energy  balance  ayataa.  Ha  a  ha  11  Invoka  Ockhaa’a  raaor  and  accept  hypotheala  I  and  correct  the  aur- 
tace  roughnaaa  langtha. 


Ha  daaota  the  aurfaca  roughnaa#  langtha  In  Figure  3  with  a^,  and  tha  correct  onaa  r vaulting 
from  -.he  analyata  of  the  longltudln.  apactrua  will  b*  denoted  with  a0.  Tha  correapoadlag  friction 
valocltlaa  will  b*  denoted  by  ana  ug^,  reapectivoly.  The  longitudinal  apactrua  In  tha  Iner¬ 
tial  aubranga,  acalad  In  tamo  or  u^,,  la  given  by 


«»_(") 

'‘loo 


(l 


i88t)’i/»  r^*. 


(V) 


The  data  point*  in  Figure  6  corraapond  to  nlv(o)/ti2M,  not  na^fnj/uSg.  At  neutral  etebility  (81  *0), 
wo  hova  f(0)  •  0,  and  (27)  roducao  to 


J  *!oo« 


(M) 


for  f  -  1.0.  Donating  tha  right -band  aid*  of  (28)  by  X*a  and  aolvlag  far  if,  no  find 


l -XX 


(W) 


Upon  extrapolating  tho  daU  la  Figaro  •  to  81  -  0  at  f  -  l,  w*  find  **»(*)/n*oo  -  0.26,  a*  that 
X  -  1.098.  The  now  valuaa  of  a-  for  thla  valua  •(  X  *al  a  •  II  a  m  abewn  U  Figure  7.  gab- 
eel  tattoo  of  (28)  into  (27)  yield* 


,(“) 


I  la  X  -  *(81 )  J 


a 


t«»d\« 


(80) 
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Th*  dashed  curve  In  Figure  6  represents  a*  a  function  of  Rl  according  to  (30)  for 

X  "  i.059  and  s0  -  0.1S  a  (i,,0  -  0,23  *),  and  It  appaara  to  fit  tha  data  raaaonably  wall.  Th* 
function  [nSu(n)/u£30].ai  q  lor  tha  ranga  of  variation  of  i0  'Huatratad  In  Figure  7  depart*  from 
tha  daahad  curv*  by  only  1  few  tat.tha  of  ona  percent.  Thla  Bk.ua  a  apectral  modal  of  the  longi¬ 
tudinal  and  lateral  component*  of  turbulanca  can  be  developed  In  tarma  of  u,00,  and  the  final 
raaulta  can  b»  corrected  by  applying  a  multiplicative  factor  which  la  a  function  of  th*  Rlchardaon 
number  and  a  nominal  roughness  length  for  th*  alt*. 


V.  EXTRAPOLATION  TO  NEUTRAL  WIND  CONDITIONS  (R1  -  0) 


Th*  meteorological  condition*  of  particular  engineering  Inter** t  ar*  those  aaaoclatad  with 
mean  wind  speeds  at  th*  16-meter  level  greater  than  approximately  10  m  aac*1.  During  thaa*  flow 
condition*,  tha  boundary  layer  la  well  mixed  ao  that  vertical  gradient*  of  th*  mean  flow  entropy 
and  thua  potential  temperature  ar*  am*  11  and  tha  wind  ahaara  ar*  large.  Thu*,  tha  Rlchardaon 
nnmber  vanlahea  or  at  leaat  becomes  vary  anail.  Accordingly,  th*  neutral  longitudinal  and  lateral 
•pectra  ar*  of  particular  Interact  In  tha  dealgn  and  operation  of  apac*  vehicle*.  Th*  neutral 
apectra  war*  determined  by  extrapolating  tha  data  to  R1  ■  0  by  th*  procedure  developed  by  Berman 
[9].  Scaled  apectra  nS(n)/u|00  war*  plotted  agalnat  Rl  for  varlou*  value*  of  f,  and  curve*  were 
drawn  by  eye.  Of  courae,  the  data  point*  acattared  about  thla  line.  The  value*  of  nSOO/u^oo  at 
jU  *  C  were  then  read  eff  and  corrected  by  aultlplylig  th*  reaulta  by  Xs  to  yield  th*  neutral 
apectra  nS(n)/uSo  for  the  varlou*  level*  on  th*  tower.  The  reaulta  of  thla  graphical  proceaa  are 
ahown  In  Figure*  6  and  9  where  th*  poaltlcna  of  th*  maxima  ahlft  toward  higher  value*  of  f  aa  tn* 
height  lncraaaae.  Thla  maane  that  Monin  coordinate*  (nS(n)/uJ0,f)  fall  to  coliapa*  th*  apectra  In 
the  vertical  ao  that  F(f,  Rl)  le  not  a  unlveraal  function,  and  thua  an  added  height  dependence 
should  be  included  In  th*  analpsla.  Busch  end  fanofaky  [6]  have  obtained  similar  reaulta  from 
analyses  of  tower  data  from  Round  Hill.  Tha  failure  of  the  Konln  coordinates  to  coliapa*  thw 
•pectra  In  tha  vertical  can  be  attributed  to  vertical  variations  In  both  tha  Reynold*  atresa  and 
tha  lei* th  scale  used  to  acal*  tha  wav*  number  n/0(a). 

Above  the  Moo  In  layer  (a  <  30  m)  In  tha  Etaan  layer  (a  >  30  m),  th*  tangeutlal  Reynolds  atraas 
decreases  with  height.  In  addition,  tha  variances  of  th*  longitudinal  and  lateral  components  of 
turbulence  are  decreasing  functions  of  >,  Thua,  If  u»  la  the  correct  sealing  velocity,  tcallng 
th?  apectra  with  th*  surface  value  of  the  friction  velocity  will  ceua*  the  acaltd  spectra  at  th* 
upper  level*  to  fall  below  the  lS-meter  spectra. 

|y  acal  log  the  wave  umber  with  a,  we  have  aaaiaaad  that  tha  Integral  scales  of  th*  longitu¬ 
dinal  and  lateral  fomponaate  of  turbulence  are  proportional  to  a.  On*  might  auapact  from  th* 
behavior  of  eddy  coefficient*  (10]  that,  If  the  local  Integral  scale*  have  vertical  variations, 

Hue  they  should  increase  at  a  rat*  slower  than  a.  In  addition,  we  have  no  knowledge  that  th* 
integral  acal**  of  tfc)  longitudinal  and  lataral  apectra  ehould  have  tha  earn*  vertical  variation, 
■amwvar,  th*  analysts  a bowed  that  Mon  In  coordinate*  will  coliapa*  spectra  aaaoclatad  with  various 
turbulence  intensities  at  any  particular  level  In  th*  vertical. 

10  produce  a  vertical  coliapa*  of  th*  date.  It  vea  assumed,  for  engineering  purpose*,  that 
the  apectra  la  Mania  coordinate*  are  a bape- Invariant  in  th*  vertical.  Thla  hypothesis  appaara  to 
be  reasonable  and  permit*  *  practical  approach  to  developing  *n  engineering  spectral  model  of 
turbulence. 


The  vertical  variation  of  tha  diaene ionise*  wove  number  f_y  aaaoclatad  with  th*  peak  of  th* 
ligerlthnlc  apectrvm  sealed  la  Mon  la  coordinates  1*  given  In  Figure  10.  A  leeat-equere*  analysis 
*f  Mae  date  la  thla  figure  yields  th*  result 

•  0.03 (a/ II).  0»> 

ubtro  a  1#  to  me  care.  A  plot  of  Olutol/vjo  versus  f/f*.  will  ahlft  th*  spectra  at  th*  various 
Uvula  ••  that  all  tha  peaks  at  th*  logarithmic  longitudinal  spectre  ar*  locat-d  at  f/f ^  •  1. 
Volume  of  Cgm  from  other  tower  alt**  ere  indicated  to  Figure  10. 

The  average  ratio  fL  of  tha  shifted  spectrum  at  level  t  and  th*  16 -meter  a  pec  trim. 
<N<W*nm*,)/VW*«»>l*».  to  Mger*  11.  A  least-square*  snalyaU  ef  the##  date  yielded 

the  result 

•  <am>*°-«*.  <«) 


where  a  to  to  meter*.  A  plot  nS^uJ/^uk  verse*  f/*_  will  collapse  th*  leegltudlnel  apectr*. 
Dm  cel  lapsed  leegltudlnel  date  ere  platted  **  a  function  i  0.03  f/f^  In  Figure  11. 
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The  function 


«y»>  y/Vi 

■'  — —  m  —  — . — — — — 

Pu  [1  +  1.5(f/fwl)r“]8/«u 


(33) 


vu  selected  to  rapraaant  tha  longitudinal  apactrum,  whara  Cy  and  r„  ar«  poattlva  constants,  deter- 
nlcad  by  a  least-squares  analyala.  For  auffldantly  aaall  valuaa  of  f,  ngyCnJ/PyUyy  asymptotically 
bahavaa  Ilka  f/f—,  which  la  tha  correct  behavior  for  a  one-dlmecelonal  apactrua.  At  large  values 
of  f,  nSy(n)/e^ufo  asymptotically  bahavaa  like  (f/fsu)*s'at  conalatant  with  the  concept  of  the 
Inertial  eubrange.  the  naxlaui  value  of  (3J)  occura  at  f  ■  f^,.  Various  authora  have  euggeated 
fonaulaa  Ilka  (33)  to  rapraaant  tha  longitudinal  apectrw.  However,  moat  of  the  repreeantatlone 
have  only  one  adjuatabla  parameter  available,  while  (33)  haa  two:  Cy  and  ru.  In  this  light  (33) 
appaara  to  be  auperlor.  Cy  controla  the  magnitude  of  the  peak,  ru  controla  the  peakedneea,  and 
fau  detanalnea  tha  poeltlon  of  the  peak  of  n$u(n)/uj0.  Upon  aettlng  ru  -  S/3,  we  obtain  the  for* 
of  the  longitudinal  spectrum  euggeated  by  Fanofaky  [5]  to  repreeant  the  atrong  wind  epectra  of 
Davenport  [11].  Von  Kerman' a  longitudinal  apactrua  [12]  can  be  obtained  by  aettlng  ru  *  2.  A 
least-squares  analyala  of  tha  longitudinal  data  In  Figure  12  revealed  that  Cy  »  6.198  and  r„  ■  0.343. 

Tha  Lateral  Spectrum 

The  lateral  apactra  Sy  can  ba  collapsed  with  a  procedure  Ilka  tha  one  uaad  for  the  longitudinal 
epectra.  However,  to  determine  an  analytical  expression  for  the  lateral  apactrua,  epaclal  attention 
oust  be  paid  to  tha  Inertial  subrange  to  guarantee  that  Sy/Sy  ■  3/4  [13].  Tiala  requlrataent  can  be 
derived  from  tha  mesa  continuity  aquation  for  Incompressible  flow  aubject  to  tha  condition  that 
tha  addles  are  Isotropic  In  tha  Inertial  subrange.  The  experimental  valuaa  of  f^  and  ft,  are  given 
In  Figures  10  and  11.  These  data  show  that  ^y  and  fly  can  ba  represented  as  power  laws  aa  for  tha 
longitudinal  apactra.  The  function 


nSv(n)  Cyf/f^ _ 

f\,  “Jo  [1  +  1.5(£/fBV)f'  ]S/"v 


was  used  to  represent  tha  scaled  spectra,  where  Cy  and  rv  are  positive  constants.  Thla  function 
behaves  Ilka  the  one  chose a  for  the  longitudinal  apactrua. 

For  sufficiently  larga  valuaa  of  f,  the  asyaptotic  behavior  of  the  ratio  between  (33)  and  (34) 
la  given  by 


C  fl  /i  \a>3 
Ji  Ji  /  ■“  ) 

Cv  \  vis vJ 


5 ,  1  1  , 


(35) 


In  the  inertial  subrange  we  oust  have  Sy/Sy  *  3 M,  so  that  upon  substituting  thla  ratio  Into  (33), 
we  obtain  a  relationship  that  can  be  used  as  a  c  netralnt  In  the  determination  of  values  of  C-  and 
rv  and  function*  to  represent  fly  and  f The  values  Cy  *  3.934  and  r,  •  0.781,  and  the  functions 


f  -  0.l(a/tg)°«  (34) 


fl,  -  (a/18)*0, *• 


(in 


along  with  the  lomltudlnel  parameters  will  satisfy  condition  (33)  and  aUatltaoeously  give  a  good 
fit  to  the  data  (a  la  la  aatara).  The  collapsed  lateral  spectre  aad  the  fuactUmw  given  by  (33) 
and  (34)  ere  shown  to  Figure  12. 


n. 


i 


onriAgtx  menu 


To  develop  aa  e^ Laser lng  nodal  for  unstable  coodltloms,  the  unstable  epectra  were  averaged 
end  then  corrected  b y  multiplication  with 
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in  —  -  *011)  5 

f-i. - -4 

lx*1  In  -  *(Rl)i 
“0 

lor  x  ■  18  m.  r0  *  0.18  a,  and  R1  “  -0.3.  The  longitudinal  and  l.  'aral  spectra  for  the  wan 
unatable  conditions  are  shown  In  Figures  13  and  14.  The  unstable  spectra  were  collapsed  by  uair$ 
tu  procc  ’  irer  for  the  neutral  boundary  layer  and  the  functions  (33)  and  (34)  appear  to  be  equally 
valid  for  the  unft^ile  case.  The  functions  f«u»  f»V*  8u  and  are  depicted  In  Figures  15  and  16, 

and  the  functions  nSu(n)/^,u|0  n*v (n,’/ *r*  given  1°  Figure  17.  Table  I  summer ires  the 
epactral  properties  of  turbulence  for  unatsble  and  neutral  conditions . 


Table  I.  Susxaa.y  of  the  Spectral  Properties  of  Turbulence  for  Neutral  and  Unstable  Condltiona 


nS(n) _ ® . 

f/fm 

@u*0  (1  +  1.5(f/fB)r)S/3r 

Neutral 

Unstable 

Cu 

6.198 

2.905 

Cv 

3.954 

4.599 

ru 

0.845 

1.235 

rv 

0.781 

1.144 

f-u 

0.03(z/18) 

0.04(x/18)°' 

*mv 

O.I(x/18)°-“a 

0  033(t/18)< 

Pu 

(*/18  )'°-*3 

(x/18)*0-14 

ft* 

(*/18)*°-aS 

(r/18)*0-04 

VII.  THE  LONGITUDINAL  AND  LATERAL  CORRELATION  FUNCTIONS 


The  normal 1:  1  correlation  function  R(x)  at  space  lag  x  is  related  to  the  spectrum  through  the 
Fourier  integral 


c''R(x) 


00 


S(uk)  cos(2x«)  dK, 


0 


(38) 


where  CS(uK)  i*  the  epectrum  at  wave  number  K  (eye'es  m*1)  and  a  ia  the  standard  deviation  of  the 
turbulence.  The  wave  number  is  related  to  the  frequency  through  Taylor's  hypothesis  (k  ■  a/u). 
Substitution  of  (33)  or  (34)  into  (38)  yields 


00 

JZfEiti  -  c  f  c0*  &-iZL gj-  ,  (39) 

P“*o  y  (1  +  1.5  £r)B/»r 


whsre 


c 

t 


(40) 


Th#  quantity  [  la  the  dlr-tnr  ionises  apace  lag  at  heighc  s  and  tha  Integral  in  (39)  is  a  function 
of  t  only.  Integration  of  (39)  for  iwutral  and  unstable  condition*  with  Simpson's  rule  yialded  th# 
results  shown  in  Figures  18  and  19. 


Xh*  dloenslooleis  standard  deviation  o/g1^2 u*o  can  b*  obtained  tram  (39)  by  tatting  }  -  !)  ted 
then  taking  the  poeltive  tqutrt  root  of  the  resulting  expression,  to  that 


to 

{c /-*- 7 

*.  J  a  +  1.3  t 


W2 

■ 


The  right-hand  tide  of  (41)  It  a  pure  number,  values  fer  which  can  ba  femd  in  Table  II. 


Ttble  II.  Table  of  Properties  of  the  Correlation  Pune  Clone 
for  Heutral  and  Unstable  Condition! 


Neutral 

Unstable 

V^/2u*o 

2.227 

1.897 

&***<> 

1.677 

2.302 

hjj  fmu^* 

0.282 

0.188 

0.332 

0.195 

The  function 


£&Sl«-2§-(l 


lili  _ C  {2/3V& 

6  (1.5)S/3r  j 


was  selected  to  represent  the  results  of  the  numerical  Integrations  for  Che  neutral  cate.  The 
parameter  5  it  determined  by  least-tquaret  methods,  For  sufficiently  small  values  of  J,  tbit  func¬ 
tion  behaves  like 


R (5)  -  1  -  6.815 


Now  the  theory  of  liotroplc  homogeneous  turbulence  predicts  that  in  the  inertial  subrange 

Vx>  *  1  4 

Ru(x)  -  1  "  3  * 


and  (43)  predicts  that 


Mx>  • 1  Fv  Sv  A<v\?/  3  (jS*  <r“  ’  rvl  (  ^  V 
Ru(x)  -  1  "*tcu  Pu  \U  \2J 


at  {  _* 0.  The  quantity  within  the  braces  on  the  right-hand  aids  of  (43)  is  equal  to  4/3,  according 
to  (35),  and  ou/ov  i  1.  Tha  apparant  inconsistency  between  (44)  and  (45)  raaulta  becauaa  (44)  la 
baaad  upon  tha  entire  flow  being  isotropic,  whilt  (45)  la  baaad  on  spectra  aasociatad  with  turbu¬ 
lent  flows  which  ara  only  locally  isotropic  in  wave  number  apace  for  sufficiently  large  wave 
numbers.  Thus,  upon  producing  tha  Fourier  Integral,  equation  (39),  wa  obtained  contributions  to 
K({)  from  both  tha  isotropic  and  anisotropic  portions  of  tha  turbulent  flow.  The  quantities 

6  »  4.758 
u 


3V  -  3.399 
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and  the  function  (42)  reproduce  the  results  of  the  numerical  integr&tlorw  of  (39),  for  the  neutral 
case,  to  vitbin  a  few  percent. 

In  the  unstable  case,  the  function  (42)  doet  .iot  reproduce  the  results  of  the  numerical  inte¬ 
grations  at  large  valuea  of  {  for  all  value*  B.  To  remedy  tfcia,  an  exponential  factor  was  intro¬ 
duced  into  the  expreeeion,  and  the  function 


—4*1  a  Jjj-  I1  +  6.815 

»»*o  l 


(46) 


was  selected  to  represent  the  results  of  numerical  integrations  for  the  untteble  caee.  The  quanti¬ 
ties  X  and  y  are  determined  by  least-aquares  methods.  It  appears  that  y  »  0,9  can  bt  used  for  both 
the  longitudinel  and  lataral  spectra,  and 


\  “  2’22 

\  -  2.02. 


The  function  (46)  yielda  a  good  fit  sear  |  ■  Oj  however,  it  depart*  from  th*  results  of  the  numeri¬ 
cal  Integrations  by  approximately  10  percent  at  J  ■  1.  Near  th*  origin,  (46)  behave*  Ilk*  (43), 
conaiatant  with  hypotheai  of  the  inertial  subrange. 

Let  ut  now  turn  our  attention  to  the  longitudinal  and  lataral  integral  ecalaa  of  turbulanc* 
which  are  defined  by  the  expression 


L* 


dx. 


(47) 


The  integral  scale  defined  in  term*  of  the  disienaionleat  space  lag  la  given  by 


00 

-  J R(i)  d|. 

o 


(48' 


This  integral  la  a  pure  number,  and  upon  aubatitutlng  the  expression*  given  by  (42)  and  (46)  for 
R({)  and  employing  Simpson' a  integration  rule,  we  obtain  the  result*  in  Table  II, 

Pasquill  [4]  haa  represented  the  correlation  functions  of  atmospheric  turbulence  with  the 
expression 


R(x)  -  a 


-x/L*. 


(49) 


The  logarithmic  apectrua  aaaociated  with  this  expression  is  given  by 


(50) 


This  function  hat  a  maximum  value  at 


L*f 

— 2  -  y-  -  0.159.  (51) 


This  value  of  th*  dimanalonlaat  integral  acala  la  significantly  lass  (approximately  45  percent) 
than  th*  ones  in  Table  II  for  th*  neutral  case.  However,  for  th*  unstable  case,  th*  integral  seal** 
g Ivan  by  (51)  depart  from  th*  on**  in  Table  II  by  only  approximately  20  percent. 

In  the  neutral  case,  jL,u  and  are  proportional  to  s  and  s0,88,  *o  that  la  a  conatant  and 

j*  la  proportional  to  a0'*8?  Tha  former  la  conaiatant  with  the  raaults  of  Davenport's  [11]  analysis 
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of  high  wind  speed  spectra.  In  unstable  air,  £_.  and  era  proportional  to  *0*87  and  a0- 72  and 

thus  and  Ly  *r«  proportional  to  z°- 13  and  goTse 


Till.  THE  DISSIPATIOR  KATE  OF  TUMGLEHCE 


It  la  possible  to  estimate  the  dissipation  rate  of  turbulence  by  exsrstnlng  the  at  yap  tote  of 
the  dimensionless  logarithmic  spectrum  for  large  f  valuta.  According  to  (33),  the  longitudinal 
spectrum,  for  sufficiently  large  values  of  f,  it  asymptotically  given  by 


nSu(a) 

"37 


**  e., 


(1.3) 


5/  3ru 


•a/ a 


(32) 


Equating  the  right-hand  sides  of  (13)  end  (52),  we  obtain 


(1.5) 


v~ 

s/a., 


(Cu/a)3/a  pg/*  fB 


(53) 


According  to  the  inforsiation  given  in  Table  I  and  (53),  0£  in  neutral  air  la  given  by 


0e  -  (z/18)°.oss,  (5A) 

while  In  unstable  air,  we  have 

0e  -  0.63(z/18)°* aa.  (53) 


One  should  keep  in  mind  that  (55)  was  derived  from  a  spectral  model  which  Is  an  average  of  the 
unstable  data,  so  that  (55)  Is  probably  valid  f >r  conditions  associated  with  values  of  R1  on  the 
order  of  -0.3. 

At  s/L  *  0  we  have  0(0)  »  1,  so  that  according  to  either  hypothesis  I  or  II  (see  (19)  or  (21)), 
we  must  have  0e(O)  »  1,  However,  (54)  predicts  that  0€(O)  <  1  below  i  •  18i  for  the  neutral  case 
and  at  z  ■  0  we  have  0e(O)  ■  0.  Actually,  the  layer  of  air  in  the  domain  0  <  s  S  18  6  Is  In  the 
Monln  layer,  and  we  should  have  0e  «  1  throughout  this  layer  during  central  conditions.  If  we 
accept  a  10  percent  error  In  0,  as  a  measure  of  the  validity  of  the  spectral  representations  given 
by  (33)  end  (34),  then  It  follows  from  (54)  that  the  model  can  be  extrepolated  down  to  the  three- 
meter  level  In  the  neutral  case. 

To  understand  the  behavior  of  0e  in  the  unstable  case,  we  write  the  eddy  energy  aquation  for 
the  steady  state  boundary  layer  In  the  form 


(u*/“*o)20  -  7  *  0,  *  "  0. 


(56) 


as  we  did  In  Section  IV.  bet  us  now  assume  that  the  heat  flux  Is  height  Invariant,  so  that  L  la  a 
constant.  At  the  surface  of  the  earth  s/I,  vanishes,  (u*/u*o)80(°)  ■  1 .and  0,(0)  "  0  according  to 
both  hypotheses  I  and  II;  thus  0.(0)  ■  1.  As  we  proceed  away  from  the  earth  into  the  unstable 
Monln  layer,  0n  is  balanced  by  s/L  and  0£  la  balanced  by  0  according  to  hypothesis  I  (in  ths  Monln 
layer  u*  -  u*0).  Because  0  is  a  decreasing  function  of  -s/L,  it  follows  that  0(  la  a  decreasing 
function  of  s  below  18  m.  However,  based  upon  an  analysis  of  a  sample  of  C*pa  Kennedy  data, 
Panofsky  suggests  that  0$  is  unimportant  In  unstable  air  at  30  m  and  above.  This  conclusion  may 
not  be  strictly  true  for  the  entire  layer  above  30  m,  but  It  Is  reasonable  to  suppose  0p  becomes 
negligibly  small  or  vanishes  somewhere  above  30  m.  In  addition,  for  sufficiently  large  a,  the 
dimensionless  shear  0  la  small  compared  to  -s/L  and  (u*/u*0)8  <  1.  so  that,  according  to  (56),  0! 
can  be  estimated  aa  -s/L.  Thus,  at  sufficiently  large  heights,  0f  ts  an  Inqrsaslag  function  of  s. 
Therefore,  0c  must  experience  a  minimum  In  ths  lowar  levels.  Since  equation  (55)  implies  that  /L 
is  an  increasing  function  of  s  In  the  unstable  boundary  layer  (Kl(18  m)  ~  -0.3),  ths  minimum  In  0* 
suet  occur  at  the  18-meter  level  If  ws  accept  hypothesis  I.  Ths  minimum  in  0f  probably  occurs 
somewhere  between  the  18-  and  30-meter  levels.  If  the  Implications  of  hypothesis  I  are  correct. 

If  this  minimum  in  0e  exists,  It  was  not  detected  because  of  ths  wide  spacing  between  ths  Instru- 
mentatlo,  .ovals  on  the  tower. 

The  level  above  30  m  at  which  0$  vanishes  in  the  unstable  model  can  be  estimated  with  (56). 
Following  Panofsky,  we  assume  (u*/u*o)a0  is  small  compared  to  -s/L,  set  %  •  0  in  (56),  and  combine 
thr  resulting  relationship  with  (55)  to  yield 
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-  0.63(i*/18)°'s® 


(57) 


where  **  it  the  level  at  which  vanishes,  The  18-meter  level  Riehardaon  number  for  the  mean 
unstable  model  le  on  the  order  of  -0.3.  Therefore,  according  to  (6),  18/1/  »  -0.19.  Mow, 

L  ■  K^L’/K),  tod  Kjj/K*  „  1.3,  so  chat  L  -  -73  m.  Substituting  this  value  of  t  Into  (57)  yields 
s*  *  283  m.  Above  this  level,  0  and  0$  are  small,  and  0€  ~  -s/L.  This  should  be  compared  with 
(55)  which  predicts  0^  Increases  -a  zO. eot 

The  proposed  energy  budget  scheme  for  the  unstable  boundary  layer  la  summarised  In  Figure  20. 

In  the  lowest  layer,  the  Monin  layer,  the  energy  budget  is  given  by  hypothesis  I  (see  (19)).  Above 
this  layer,  there  Is  a  transition  region,  between  approximately  the  18-  and  30-meter  levels,  in 
which  the  anergy  budget  transforms  from  a  type  I  to  a  type  III  budget.  A  type  III  budget  la  one  In 
which  the  mechanical  and  buoyant  energy  production  term*  and  the  energy  flux  dlvergai.ee  term  ell  con¬ 
tribute  to  0e  to  varying  degrees.  From  the  bane  of  the  transition  layer  to  a  level  on  the  order  of 
300  n,  0  and  0q  tend  toward  sero  at  s  increase*.  Finally,  above  this  level  we  have  a  region  la 
which  the  buoyant  energy  production  la  balanced  by  the  dlaalpetlon.  In  order  for  this  scheme  to 
work,  the  various  functions  In  ths  energy  equation  mutt  be  functions  of  t/1  end  s  must  be  ecsled 
with  s  length  scale  other  than  L.  Ths  additional  lsngth  seals  should  be  a  function  of  the  external 
synoptic-  and  meao-ecele  conditions  which  fores  ths  turbulent  flow  In  the  boundary  layer. 


IX.  CONCLUDING  COMMENTS 


It  Is  concluded  that  modsla  of  spsctrsl  forcing  functions  for  ths  dsslgn  of  space  vehicles  and 
aircraft  baaad  upon  sound  scisntlflc  principles  can  ba  dsvslopsd.  However,  much  work  remain*  with 
regard  to  modeling  the  third  and  higher  order  moments  and  the  associated  spectra.  This  information 
could  shed  toms  light  on  the  structure  of  atmoapheric  turbulence. 
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TRANSITION  LAYER  IN  WHICH 
ENERGY  BUDGET  SHIFTS  FROM 
TYPE  I  TO  TYPE  m 


SWMARY 


Classical  models  of  turbulence  assume  eddy  stress  to  be  proportional  to  mean  strain; 
they  fail  to  predict  eddy  flux  in  fully  developed  regimes  where  mean  shear  and  mean  graoients  vanish. 
Such  cases  occur  commonly  in  jet-like  flows  for  which  the  failure  of  classical  models  has  caused 
literature  statements  cm  "negative  diffusivlty"  or  other  "puzzling  discrepancies. " 

Derived  from  basic  fluid  dynamics  equations,  an  improved  model  assumes  coupling  between 
macro  and  i  cro  eddy  sizes  of  the  turbulence  spectrum.  This  permits  consideration  of  "conservatlon- 
and-adaptlon"  of  fluid  property  along  eddying  trajectories,  not  only  "conservation"  as  in  classical 
models.  Three-dimensional  structure  of  turbulence  can  r,jw  be  predicted  without,  as  well  with  exist¬ 
ing  mean  shear,  and  "countergradient"  flux  can  be  a  legitimate  consequence  of  eddy  structure.  The 
new  model  is  applied  to  selected  flow  cases,  for  which  the  classical  theory  was  unsatisfactory, 
including  the  global  jet-stream  as  well  as  smaller-scale  circulations  and  also  similar  experimental 
flow,  in  a  rectangular  conduit  with  controlled  lateral  heat  flux. 
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1.  Inti  eduction 

In  environmental  sciences  a  need  exists  for  mathematical  models  which  permit  us  to  calculate 
mean  transports  and  eddy  diffusion  of  air  admixtures  in  the  always  turbulent  atmospheric  circulations 
of  various  horizontal  scales.  Transport  and  eddy  diffusion  phenomena  belong  mostly  to  the  class  of 
boundary-vaiua  problems  rather  than  initial  value  problems,  since  quasi-steady  inputs,  or  outputs 
(of  mass,  momentum,  and  energy)  at  the  atmosphere's  lower  and  upper  boundary  and  subsequent 
balance  requirements  are  the  dominant  features. 

Essentially,  the  problem  may  be  summarized  as  follows.  Given  characteristics  of  the  mean 
fields  of  atmospheric  motion  (V  *_|u  +  ^v  +  j^w),  admixtures  (a  scalar  S,  per  unit  of  mass,  lilta  a 
mixing  ratio),  and  temperature  {?),  what  are  the  eddy  variances  and  covariances  which  constitute 
the  symmetric  tensor; 
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(An  conventional,  the  overba.  indicates  a  "Reynolds  average"  and  the  prime  an  eddy  fluctuation,  or 
turbulent  departure  value. ) 

The  problem  involves  the  basic  need  to  understand  the  coupling  or  feedback  (between  mean 
fields  V  ,S  and  T,  and  variances  and  co- variances)  imposed  by  the  balance  requirements.  It  Is,  of 
course,  prohibitive  with  regard  to  cost  of  equipment  and  logistics  to  attempt  a  solution  of  the  prob¬ 
lem  by  the  direct  measurement  of  all  eddy  terms  at  any  point  in  the  atmosphere. 

A  more  rational  approach  is  to  utilize  theoretical  models  of  the  coupling.  However,  the  classi¬ 
cal  or  "phenomenological"  theory  assumes  proportionality  between  mean  stress  and  strain,  and  pre¬ 
dicts  eddy  fluxes  (for  instance,  w's',  or  vrfr)  with  some  degree  of  reliability  only  when  respective 
mean  gradients  (in  the  above  instance,  sz  and  Ty)  aro  finite.  Note  that  a  partial  derivative  with 
respect  to  a  spatial  coordinate  is  denoted  by  the  respective  subscript  (x,  y  or  z);  for  example, 

V  •  =  ux  +  vy  +  wz  . 

In  Section  2,  flows  with  substantial  regions  of  vanishing  mean  gradients  and  strain  are  docu¬ 
mented  for  'h  the  "classical  model"  falls  to  explain  observational  facts.  Developments  in  Sec¬ 
tion  1  reason  for  the  failure  and  produce  an  Improved  model  In  which  not  only  "conservation" 

but  si:.  ipd  si"  of  fluid  properties  along  eddying  trajectories  is  duly  considered.  Applications  of 
the  he  the  observational  facts  documented  in  Section  2  are  summarized  in  Section  4. 


2.  Documentation  of  Flow  Types  with  Zones  of  Vanishing  Mean  Gradients 

2. 1  Examples  of  Atmospheric  Flows.  Orders  of  magnitude  will  be  given  In  full,  half,  and  oven 
quarter  powers  of  ten  if  this  Improves  the  representativeness  of  derived  quantities.  For  instance,  if 
the  order  of  a  velocity- squared  is  1 07,  the  order  of  the  representative  velocity  will  be  103-5.  Atmos¬ 
pheric  flows  with  vanishing  mean  strain  show,  usually,  levels  of  wind  maxima;  this  explains  the 
terminology  "atmospheric  jet-streams"  although  such  flows  are  quasl-geostrophic  and  dynamically 
different  from  true  jets  (discharged  by  a  nozzle  into  quiet  ambient  fluid  regions). 

Most  widely  known  is  the  jet-like  structure  of  the  tropospheric  westerlies,  a  ring-circulation 
(at  temperate  latitudes)  of  about  10^* 5  cm  circumference,  a  meridional  and  vertical  width  of  about 
10®  cm  and  10®  cm,  respectively.  If  zonally  averaged,  the  core  of  the  jet  is  found  near  35  to  45  deg 
latitudes,  at  sub-tropepause  pressure  levels  between  300  and  200  millibar.  Its  mean  state  can  be 
described  by 

d!  V  *  _iu  ;  7*  £  *  0;  V  X  V  ■  VT  »  ^Ty  . 

Characteristic  of  the  mean  field  are  the  following  orders  of  magnitude, 

(2)  u  »  103' 5  cm  sec  \  (  »  10  5  sec  -  F/T  *  10  10  cm  *. 

In  spl*-e  of  Uy  *  v  »  0  there  Is  mean  vertical  vorticity  and  the  order  of  \  follows  as  2u/r*  where 
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o  5 

2»r*  a  10  cm  *  circumference  of  the  closed  x~  trajectory,  Evaluations  of  world-wide  conventional 
asrological  sounding#  (see  Obasl  (1963)  or,  for  summary  references,  Loren*  (1967))  suggest  the  fol¬ 
lowing 

{vV  *  u'u'  a  10^.  but  w'w'  *  10°;  -u’v'  ■  105’5,  all  In  cm^  »ec”^; 

__  2  ,  _  j 

T'T'/frr  »  10  Ji  v'T'/(T)  »  10  cm  sec 

The  classical  theory  fails  Inasmuch  as  for  finite  u'v'  the  ratio  -uV/u^  is  infinite  while 
"TV/Ty  «  1011  cm2  sac"1  is  considered  a  realistic  value  for  the  eddy  diffuaivity  of  this  large- 
scale.  Consideration  of  angular  instead  of  relative  linear  momentum  enhances  the  dilemma  since  it 
produces  a  pronounced  counter-gradient  flux.  Lorenz  (1967)  discusses  ’’negative"  eddy  viscosity 
but  concludes  that  we  are  dealing  with  a  phenomenon  quite  different  from  classical  turbulence. 

Atmospheric  examples  of  progressively  smaller  scales  Include  the  low-level  jet  (of  102  to  103  km 
fetch),  or  other  thermo-tidal  motions  over  extended  terrain  slopes  (down  to  101  km  fetch  along  topo¬ 
graphical  contour  lines),  and  katabatic  winds  (air  drainage  along  10-1  to  10°  km  fetch  along  fall 
lines).  Exceptional  data  on  low-level  jets  were  obtained  during  tne  U.S.  Air  Force  sponsored  "Great 
Plains  Turbulence  Field  Program. "  Se«  Lattau  and  Davidson  (1957).  The  problem  of  Interest  here  is 
downward  eddy  diffusion  of  heat  and  momentum  across  the  level  of  wind  maximum  at  night-time,  and 
upward  eddy  diffusion  of  heat  at  day-time  across  a  ievel  of  minimum  potential  temperature  (at  about 
50m  above  the  ground).  A  counter-gradient  flux  is  documented  by  data  in  Table  1  (extracted  from 
Tables  7. 5. 1  and  7. 5. 2  in  Lettau  and  Davidson  (1957)),  showing  that  eddy  heat  flux  under  "extreme" 
lapse  conditions,  while  Independently  known  to  be  upwards  directed  at  all  levels  listed,  is  accom¬ 
panied  by  lapse  rate  and  negative  Kichardson  number  only  in  the  lowest  layers.  At  100m  and  above, 
classical  turbulence  theory  fails;  furthermore,  the  local  Richardson  number  loses  evidently  any  sig¬ 
nificance  as  a  turbulence  parameter,  because  it  is  always  in  excess  of  "plus  unity"  and  larger  for 
day-time  surface  heating  than  for  night-time  cooling. 


TABLE  1.  Vertical  Profile  of  Local  Richardson  Numbers  (Rl)  Calculated  from  Observations  of  Vectorial 
Vertical  Windshear  and  Vertical  Gradients  of  Potential  Temperature  in  the  Lowest  800m  above  Prairie 
Ground  in  Nebraska.  Averages  for  Cases  of  Extreme  Lapse  and  Inversion  Conditions  in  the  Surface 
Layer. 
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Rl,  extr.  lapse  : 
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1.0 

The  smallest  scale  atmospheric  jet-llke  flows  are  favored  by  persistent  Inversion  conditions  over 
extended,  gentle  and  uniform  terrain  slopes.  This  explains  that  the  U.S.  Army  (Quartermaster)- 
sponsored  antarctic  research  program  in  micrometeorology  has  produced  extraordinary  documentations 
of  such  flows.  Time  restrictions  prohibit  discussion  of  detail,  but  It  can  be  said  that  tower  data  from 
Plateau  Station  (about  80  deg  S  latitude)  show  with  exceptional  clarity  the  feature  of  thermo-tidal 
winds  (for  on  explanation  of  the  term,  see  Lettau  (1967a)).  Both  wind  speeds  and  mean  rate  of  veering 
(in  excess  of  an  "unbelievable"  rate  of  1  deg/m)  Increase  with  increasing  lnverslonal  temperature 
gradient  in  the  lowest  32m.  For  references  on  katabatic  flow,  as  observed  at  the  South  Pole  by  P. 
Dalrymple,  reference  is  made  to  Lettau  (1966a).  In  this  flow,  the  Richardson  number  goes  to  infinity 
at  levels  as  low  as  2m,  while  eddy  flux  of  heat  remains  "normal"  but  cannot  be  calculated  If  "classi¬ 
cal"  similarity  concepts  of  eddy  fluxes  In  the  lower  atmosphere  are  to  be  used. 


2. 2  Examples  of  Laboratory  Simulation  of  Atmospheric  let-like  Plows.  The  common  feature  of  atmos¬ 
pheric  "jets"  is  their  shallow,  sheet-like  structure  with  insignificant  changes  along  the  mean  trajec¬ 
tory.  Although  there  Is  only  one  solid  boundary  (the  lower  one)  quasi  -eostrophic  conditions  aloft 
suggest  a  hypothetical  upper  lid.  Hence,  laboratory  simulation  with  pressure  gradient  flow  between 
two  parallel  horizontal  walls  is  more  relevant  than,  for  Instance,  boundary  layer  development  in  flow 
past  one  plane  wall,  One-dlmenslonal  pressure  gradient  flow  (made  "sheet-like"  by  suitable  aspect 
ratio  of  the  conduit)  where  the  mean  shear  la  essentially  unidirectional  (uj),  can  readily  be  subjected 
to  controlled  heat  flux  by  maintaining  the  two  walls  at  different  but  horisontally  uniform  temperatures. 
Outstanding  examples  of  such  experiments  are  those  reported  by  Page  at  al.  (1952)  and  Corcoran  at  al. 
(1952)  containing  detailed  profiles  of  eddy  diffusivlties  of  u-momentum  (Ku)  and  heat  (Kf),  for  test 
Reynolds  numbers  between  about  6, 000  to  53,  000.  The  potential  of  their  results  as  model  etudies 
for  sheet-llke  atmospheric  flows  has,  to  the  beet  of  my  knowledge,  not  yet  been  exploited.  One 
reason  could  be  that  the  classical  turbulence  model  falls  here  (as  well  as  in  the  atmoaphere)  to  predict 
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the  observational  profiles  of  Ku  and  Ky.  Furthermore,  the  empirical  dependency  of  Ky/Sf* ratios 
near  the  conduit  center  appear  to  disagree  with  independent  laboratory  observations  reported  by 
Ludwieg  (1956). 


The  literature  Includes  also  studies  of  the  variance  profiles  in  rectangular  conduits;  outstanding 
are  experiments  by  Laufer  (1950),  and  Reichardt  (1938)  as  reproduced  In  Schllchting  (1968).  Due  to 
restrictions  in  space,  only  highlights  of  the  experimental  results  may  be  summarised. 


Ludwieg  (1956)  derived  Ky/Ku  quasl-dlrectly,  utilising  frictional  heating  In  flow  at  Mach  numbers 
of  about  0. 7  at  rather  high  Reynolds  numbers  (  >  300, 000).  As  documented  In  more  detail  In  Schllchting 
(1968,  Fig.  23.2),  asymptotic  valuer,  are,  for  these  Reynolds  numbers 


(4) 


W 


wall 


1.0; 


and 


W. 


center 


»  3/2. 


Page  (1952)  derived  Ky  and  Ky  separately,  with  some  uncertainty  in  Ku  near  the  center  due 

to  -ufV  as  well  ns  uz  getting  small.  While  Ky/ky  again  tends  to  unity  towards  the  wail,  a  center 
■  alue  of  3/2  appears  to  be  approached  only  for  their  tests  at  small  Reynolds  numbers.  At  about  0. 1 
relative  distance  off  the  center,  their  Ky/ICy  decreases  from  about  1.4  for  Re  m  9, 000  to  about  1. 1 
for  Re  »  50,  000.  Lutvileg  extrapolates  this  to  Imply  1. 0  for  Re  >  300, 000  end  speaks  of  e  puss  ling 
discrepancy  to  (4),  not  explainable  by  theory. 


For  the  zone  of  vanishing  mean  shear,  variance  measurements  In  rectangular  conduits  evidence 
the  same  departure  from  Isotropy  as  in  two-dimensional  free  jets;  for  references,  see  Lettau  (1967b). 
Findings  by  Laufer  (1950),  In  agreement  with  Reichardt  (1938),  may  be  summarized  as  follows, 


(5) 


(u'u'  /v'v') 


(u'u1  /w'w') 


3/2 


center  center 

When  normalized  by  center  speed,  Laufer1  s  results  correspond  to 


(6) 


(u'u') 


1/2 

center 


/! 


max 


0.027 


For  fluid  region  near  the  wall,  Lumley  and  Pancfsky  (1963)  have  established  good  agreement  with 
micrometeorologlcal  measurements,  suggesting  that 

(7)  (77/-Tw)^u  a  2.4  i  0.2;  and  (wV/'ilVl^j  *  1.3  +  0.1. 

Wo  successful  normalization  of  the  third  variance,  v'v',  has  yet  been  reported. 


3.  Basic  Theory 

3. 1  Mean  and  Departure  forms  of  the  Basic  Equations.  Employing  conventional  notation  (g  «  gravitv, 
a  *  1/p  *  specific  volume,  v  *  klnamatlc  viscosity,  S  *  internal  source  strength  of  s-property, 
v8  m  molecular  diffusion  coefficient)  the  Navler-Stokes  equation,  and  the  diffusion  equation  for  the 
scalar  property,  s,  per  unit  mass  of  fluid,  are 

(8)  D^/Dt  ■  8£/8t  +  \£  •  -  -  £g  -  a  Vp  +  vV2\£  , 

(9)  Ds/Dt  «  da/it  +  *  Vs  »  S  +  vsV2s. 

We  separate  mean  states  from  turbulent  departures, 

(10)  £  >  £  4  $  ;  s  -  i  +  s', 

end  consider  the  Reynolds  rules  (as  summarized  in  Schllchting  (1968),  pa*..  526),  including  the  fol¬ 
lowing  two  (exemplified  here  only  for  a  ) 

(11)  (11:  H)  -  s  ;  and  (11):  (s  -  1)  ■  7  -  0. 

We  define  a  time-derivative,  following  the  mean  motion,  which  is  commutative  with  the  Reynolds 
average, 

d(x)/dt  *  8(x)/8t  +  £  •  V<x);  (d(x)/dt)  ■  d(x)/dt, 

whereupon  the  system  (8),  (9)  yields  two  average  equations, 
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(12) 

dV/dt  * 

-  aVp 

-  kg 

+  v  V2V , 

• 

(13) 

ds/dt  «  -  V'  •  Vs' 

+ 

S 

+  vsV2s, 

and  two  departure  equations, 

(14) 

dVT'/dt  *  (V'  •  VVJ 

-  t  ’ 

W')  - 

v'  •  v£  + 

(aVp  -  aVp)  +  vV^V^ 

(15) 

ds'/dt  «  (\£*  •  Vs1 

"  t  • 

Vs')  - 

V1  •  Vs  - 

(S  -  S)  +  V  V  s1 

8 

These  exact  equations  satisfy  the  Reynolds  rules  (10)  and  (11);  namely  addition  of  (12)  and  (14)  repro¬ 
duces  (8),  addition  of  (13)  and  (15)  reproduces  (9).  Averaging  all  members  once  more  leaves  (12)  and 
(13)  unchanged,  while  in  (14)  and  (15)  all  terms  vanish. 

Since  each  member  of  the  scalar  equation  (15)  has  a  counterpart  in  the  vector  equation  (14),  we 
quote  for  simplicity  only  from  (15)  when  introducing  the  following  names:  "coupling"  terms  =  V' •  t’s' 
(because  It  appears  with  the  opposite  sign  in  both,  mean  and  departure  equation),  "gradient"  (or 
inertia)  term  «  \£'  •  V5  ,  and  "viscous"  tern:  (or  curvature  term)  »  vs  V  2s'  (because  the  Laplaclan  is 
a  measure  of  spatial  curvature  of  a  function). 

In  elomentary  cases  of  fully  developed  turbulence,  the  mean  equation  reduces  to  two  terms  (or 
even  one  term)  only,  one  of  which  must  be  the  coupling  term.  The  departure  equation  has  still  several 
members  so  that  further  partitioning  is  feasible  and  shall  be  based  on  some  universal  characteristics 
of  the  spectrum  of  turbulence. 


3.2  Macro  and  Micro  Site  Eddies  of  the  Turbulence  Spectrum.  Assume,  for  brevity,  that  a  horizontal 
steady  mean  flow  (of  characteristic  speed  U)  in  a  conduit  (of  diameter  D)  is  maintained  by  a  constant 
external  force  per  unit  mass  (acceleration  A,  cm  sec*"2,  normally  given  by  «tpx).  For  sufficiently 
large  Reynolds  number  (Re  *  UD/v  »_Recrit  «  103)  the  viscous  term  in  (12)  will  be  negligible.  The 
acceleration  (A)  will  essentially  balance  the  coupling  term  which  may  reduce  to  a  height  derivative 
of  the  Reynolds  stress  or  (u'w( )r .  In  equilibrium,  cross-sectional  averages  of  work  performed  by 
the  external  force  (A.  U,  per  unit  mass)  must  balance  energy  dissipated  (*,  per  unit  mass),  by  viscous 
action  in  the  departure  flow,  corresponding  to  V|*  (vV2\£).  In  his  classical  approach,  G.  I.  Taylor 
related  the  dissipation  rate  (c )  uniquely  to  viscosity  (v)  and  the  characteristic  diameter  (X,  cm)  of 
eddies  of  micro-size 

(16)  X  ~  v3*  c  or,  numerically,  X  *  15v3//4  t  *^4  . 

Although  micro-size  eddies  possess  significant  curvature  of  the  )£' -field,  their  contribution  to  the 
total  variance  (^  •  \£ )  will  be  minor.  In  the  continuous  spectrum  (spectral  contribution  to  total 
variances  by  specified  eddy  wavenumber  bands,  as  a  function  of  eddy  wavenumber)  X  corresponds 
to  the  region  at  and  beyond  the  high  wavenumber  end  of  the  lntertlal  subrange.  Let  A  cm  denote  an 
eddy  size  characteristic  of  the  region  near  the  low  wavenumber  end  of  the  inertial  subrange.  As  a 
supplement  to  Taylor's  argument,  let  A  be  Independent  of  viscosity  but  uniquely  determined  by  t 
and  A.  Dimensional  reasoning  yields 

(17)  A~*2A~3  ;  or,  numerically,  /  ■  N  *«2A  3. 


The  numerical  factor  N  must  be  determined  from  flow  conditions  since  a  natural  requirement  is  that 
A  <  D|  a  more  significant  criterion  is: 


(18)  Turbulence  if  i  A  >  X;  correspondingly,  "No  Turbulence"  lt»  A<X. 


It  shall  be  demonstrated  that  (18)  is  an  alternate  version  of  the  Reynolds  criterion.  Namely,  with  the 
aid  of  (16)  and  (17),  the  equilibrium  condition  t  *  A.  U,  yields  for  the  "No  Turbulence"  statement  in 

a*), 


(19) 


9/4. 

s  A  v 


3  -3/4  < 


I5N; 


or, 


3-4  -1 
r  A  v 


uWl  <  (ISN)4^3. 


Relationships  between  A  and  U  depend  on  flow  structure.  For  Instance,  for  Hagen-PolsseuiUe 
flow,  to  a  round  straight  duct,  A/U  ■  32  y/l r,  whereupon  the  "No  Turbulence"  statement  in  (18), 
with  the  aid  of  (19),  yields, 

(20)  (UDA)2  <  32(15N)4/3;  or,  UDA  <  321/2(15N)2/5  «  3SN2/!\ 


which  is  the  classical  criterion  and  may  serve  to  determine  the  N -value  when  £teMt  1#  given.  For 
practical  order- of-magnitude  estimates,  it  1*  convenient  to  take  N  *  103A  *31.  Four  representative 
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cases  of  turbulent  air  flows— partly  corresponding  to  types  discussed  In  Section  2— are  summarised  in 
Table  2.  Typically,  micro  eddies  tend  to  show  rather  uniform  slse,  while  macro  eddies  vary  from 
3  km  to  3  cm,  with  a  correspondingly  strong  variation  In  the  time-interval  6t  *  A/U,  as  well  as  In 
"width"  of  the  inertial  subrange  If  measured  by  the  ratio  A/K. 


TABLE  2.  Magnitudes  of  Macro  and  Micro  Eddy  Sizes  (A  and  X)  for  Selected  Airflows  (v*  0.14 
cm2sec-1),  Estimated  on  the  Basis  of  Characteristic  Speed  U,  and  Generating  Force  per  Unit  Mass 
(Acceleration  A). 


Atmospheric  Flows  Experimental  Flows 

Mean  Wind  Katabatic  Wind  Tunnel  Conduit 


A,  given  by 

1  Px/P  1 

IgAT/f  | 

!uxul 

lp/pl 

A,  typical  cm  sec  2 

Iff1 

io1 

io2*5 

io2 

U,  typical  cm  sec  1 

103 

io2 

IO2,5 

io2 

,  „  2  -3 

c  »  A.  U,  cm  sec 

102 

io3 

135 

io4 

.  ,,  3/4  -1/4 

X  *  15v  c  ,  cm 

10° 

io-0-25 

io"0-75 

10-0- 

,  -1.5  2,-3 

A  *  10  c  A  ,  cm 

io5-5 

101-5 

io1 

100-5 

AA ,  - 

io5*5 

101-75 

101-75 

101 

fit  «  A/U,  sec 

io2*5 

10-°- 5 

io"1,5 

io’ll! 

If  Reynolds  averages  are  time  means  between  t  and  t  +  At,  this  At  must  be  large  In  comparison 
with  D/U  and  even  larger  In  comparison  with  fit  ■  A/U;  see  Table  2.  On  the  other  hand,  fit  Is 
large  In  comparison  with  the  time-scale  of  micro  eddies,  X/U.  Hence,  to  filter  out  the  contributions 
of  micro-size  eddies,  we  integrate  (14)  and  (15)  between  t  and  t  -t  fit  which  produces  fluctuating 


quantities  \£" 

and  a",  defined  by 

t+fit 

t+fit 

(21)  / 
t 

(d£/dt)dt  e  « 

{  ^/^macro*’-  T  •  JC  » 

t+fit 

t+fit  _  _ 

(22)  / 

(da'/dt)dt  ■  s"  ■ 

/  (da'/dt)  dt;  s"  ■  -  0. 

•  macro 

In  the  Inertial  subrange  the  spectral  densities  decrease  significantly  with  Increasing  wavenumber. 
Thus,  the  larger  the  ratio  aA  the  closer  will  total  variances  and  covariances  (uV,  u'v5, . . . ,  s'w*) 
be  approximated  by  (u"u",  uV', ... , s'S»if).  This  Justifies  another  Integration  of  (21)  between  t  and 
t  +  fit,  to  generate  a  fluctuating  length, 

t+6t  _ 

(23)  /  w’dt  ■  c  *  i*4  +4/  ♦  £*';  £  ■  °. 

t 

which  Is  a  redefinition  of  tin  eddy  displacement  vector"  Introduced  and  employed  by  Lettau  (1964, 
1966b,  1967b,  1964).  Total  variances  and  covariances  (xV , . . .  ,x,sT, . . .  ,*'*')  characterise  the 
trajectory  structure  of  those  eddies  that  are  most  efficient  for  fluxes  and  total  variance  of  fluid 
properties,  including  momentum  components. 


3. 3  ffftuplinn  Between  Macro  and  Micro  Eddies.  Let  subscripts  denote  the  two  broad  classes  of  eddy 
sixes 

«<>  *£/« . 

»»>  d*,'W  -  «*•'*<>»,„,  *  • 

This  partitioning  must  take  into  account  all  members  at  the  right-hand  sides  of  (14)  and  (15).  Due  to 
their  physical  nature,  the  gradient  terms  will  dominate  the  macrostructure,  and  the  viscous  terms  the 
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microstructure.  The  role  of  the  other  members  can  remain  unspecified  because  exact  equations  for 
the  two  separated  derivatives  in  (24)  and  (25)  require  the  introduction  of  two  additional  coupling 
terms.  r’  y  are  to  be  determined  later  and  shall  be  denoted  by  F'  (a  function  of  9  and  V' )  and  f' 
(a  function^  s  -  s„  and  \£  ,  where  s0  is  a  reference  value  or  boundary  constant  of  s-property). 
With  "1J  ■  f1  a  0,  defining  equations  are 


(26) 

lds/d,Wo 

=  +£'-£•  vv  , 

(27) 

-  -  £'  +  v  V  £  +  (\£  *  V\£  -  (£'  •  9£)  +  (a  Vp  -  aVp), 

(28) 

(d.Vdt) 

macro 

«  +  f'  -  V'  •  Vs, 

(29) 

(ds'/dt)  , 

micro 

a  -  f'  +  vgV  s'+  Of  •  Vs'  -  £  •  Vs’)  -  (S  -  S). 

As  must  be  true  for  genuine  coupling  F_'  and  f1  appear  with  the  opposite  sign  in  pairs  of  equations 
so  that  (26)  added  to  (27)  reproduces  exactly  (14)  via  (24),  while  (28)  plus  (29)  reproduces  (15)  via 
(25). 


Would  there  be  no  coupling  between  eddy  sizes,  then  f  •  f'  »  0,  whereupon  the  integrations 
prescribed  by  (21)  to  (23)  would  yield  in  (26)  and  (28)i 

(30)  s'  .«  •"»-£•  Vsj  or,  s'  ■  -  z'sg  (if  Vs  ■  £sz  ), 

(31)  V  ~  \£"  a  -  r^  •  V]£  5  or,  u'  «  -  z'ug  (if  ug  /  0,  only). 

The  specialized  cases  above  refer  to  perfectly  realistic  flow  (one-dimensional  with  unidirectional 
mean  gradient  and  shear).  It  can  be  concluded  that  (30)  and  (31)  are  the  basis  of  "classical"  theory, 
or  Prandtl's  mixing  length.  But  the  oversimplified  nature  of  (30)  and  (31)  is  evident,  too,  because, 
for  9«®x«0,  (31)  yields  w*  *  0,  so  that  there  could  be  neither  vertical  eddy  flux  nor  Reynolds 
stress,  contrary  to  fact.  See  Lettau  (1964). 

Forms  like  r|  •  Vs  in  (30)  and  (31)  result  from  the  gradient  or  inertia  terms  in  (14)  and  (15); 
they  indicate  "conservation"  of  an  initial  value  of  fluid  property  along  the  trajectory  of  an  individual 
eddy.  It  is  logical  to  assume  that  the  coupling  terms  indicate  "adaption"  since  they  oppose  the 
gradient  terms  in  (26)  and  (28).  "Adaption"  implies  entrainment  of  environmental  fluid  (along  the 
trajectory  of  an  individual  eddy)  brought  about  by  microstructure  and  viscous  action,  as  evidenced 
by  tin.  fact  that  the  coupling  terms  are  also  part  of  the  micro  structures  (27)  and  (29). 

The  problem  remains  to  specify  the  covu..ing  functions  F'  and  f1  explicitly.  Previous  inductive 
reesontngs  in  Lettau  (1964,  1966b,  1967b)  may  be  summarized  and  rationalized  by  due  consideration 
of  (21,  to  (2i)  and  postulating  that 

(32)  r  »  -r*v5  +  v*  ((^7;^")  «  (s“>V.  X"  , 

(33)  £'  «  -  Y"  •  V)i  +  V(£-£')  t7x(|x 

•  +£"  •  v£+  y  x{ v x v]  +  v  x  { vx  x"j  +  v<v  •  v")  -  v;'(V-  2). 

Transformations  in  (32)  and  (33)  correspond  to  universal  Identities  of  vector- calculus.  While 
9*  J  ■  V*  Jp  ■  0  in  nearly  all  turbulent  flows,  it  must  be  concluded  that  V  •  )£"  >0  because  this  is 
a  prerequisite  for  f  $  0  in  (32).  This  fact  reconfirms  the  dual  role  of  V  as  the  measure  of  adaption 
(by  ‘diverging"  macro  eddy  motion  V"),  but  expressing  also  viscous  coupling  between  macro  and 
micro  structures.  Similar  reasonings,  although  naturally  more  involved  due  to  vector  relations,  hold 
true  for  explaining  the  role  of  £'. 

With  the  aid  of  (32)  and  (33)  we  rewrite  (26)  and  (28)  as  follows, 

(34)  *  Of'  -  £)  ’  +  £"  x  {9x  £j  +£  x  [Vx  £•]  ♦  £<V  •  7">. 

(35)  ii'/dt)m#cro  -  -£-Vl  ♦  (s  -  s»)V- 

To  calculate  total  variances  and  covariances  after  Integration  (23)  is  performed,  let  us  assume  that 
J  aa  well  an  a"  **  a1  which  will  be  tolerable  If  turbulence  spectra  have  a  sufficiently  large 
ratio  AA;  see  Section  3.2.  Then,  after  introducing  (34)  and  (35)  into  (21)  to  (23), 
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(36)  £  *  r*  x  [?x£]  +  Vx  [Vx£]  +  V(V- r'), 

(37)  s'  w  -j*  •  Vi  +  (T-TiX^X') 

The  system  (36)  and  (37)  can  be  considered  the  endphaae  of  stepwise  developments  starting  in  1964. 
Forms  corresponding  to  (36)  and  (37)  appeared  first  in  Lettau  (1966b,  1967b)  with  some  departure  in 
sign.  This  difference,  however,  had  no  consequence  fear  the  previous  discussion. 

The  important  feature  of  the  new  model  is  that  fluctuating  values  of  all  four  important  scalars 
(u',  v',  w',  s'  or  T')  are  completely  determined  even  for  the  simplest  special  type  of  mean  flow  (uni¬ 
directional  with  one-dimensional  gradients),  including  levels  of  vanishing  mean  shear  or  ! -gradient. 
This  establishes  the  significant  improvement  in  comparison  with  the  "classical"  model  which  relates 
fluctuating  values  exclusively  to  mean  gradients. 


4.  Applications  of  the  New  Model 

4. 1  General  Features  of  Turbulent  Lencthacalen.  The  components  of  the  eddy  displacement  vector 
(23)  serve  to  define  longitudinal  lengthscales  (or,  variances  X*  ■  x*x*  Yt  c  Vyf,  Z*  s  i*?) 
as  well  as  lateral  length  scales  (or  covariances,  1*  *  x!z*,  ij,*  ■  x'y*,  ff  ^ey**').  According  to 
Lettau  (1966b,  1967b)  free  turbulence  satisfies  perfect  Isotropy  requirements  (X  ■  Y  *  Z,  and  aero  for 
all  covariances).  The  number  Yx  has  been  related  to  the  downwind  spreading  at  the  Jet,  and  repre¬ 
sents  a  universal  characteristic  named  the  Reichardt  constant.  In  wall  turbulence— as  defined  by 
Hlnze  (1959)— at  least  one  of  the  covariances  is  significant  and  a  first  universal  characteristic  Is 
the  Karman  constant,  k,  for  which  a  new  covariance  definition  was  found, 

(38)  k1  -  Urn  [(-u'w')  <~ ?/(TT  )*]  •  lim  (x^T)  »  0.13  ; 

s—  0  ZZ  2  0  z  z 

see  fer  more  detail  Lettau  (1966b,  1967b,  1968). 

Variances  of  space  derivatives  of  eddy  displacement  components  define  another  number  (*)  be¬ 
cause  for  all  types  of  turbulence, 

(39)  (V-7)1  *  3«*  5  (X-  VxV)1  «  TJTvTTj*  -  (£  •  VxrJ)1  »  2**  . 

Note  that  the  average  mixed  product  in  (38)  does  not  appear  among  the  mixed  products  which  vanish 
under  averaged  according  to  (39).  It  can  be  anticipated  that  the  ratio  3/i  which  appears  in  (i)  of 
Section  2  finds  Us  explanation  by  tha  two  numerical  factors  in  (39).  This  corresponds  to  the  explana¬ 
tion  of  the  same  ratio  for  velocity  variances  in  the  core  region  of  a  free  Jet  (in  other  words,  anisotropy 
of  velocity  components,  in  spite  of  Isotropy  of  eddy  displacement  components).  See  Lettau  (1967b). 


*• 2  Turbulence  gf  One-dimensional  Shearflow.  For  the  simple  case  of  £  *  XB>  nx  •  «m> 

VxvT^Uj,  equation  (36)  yields 

(40)  V'  a  if-z'u  +  (X*  +  y*  +  x')u]  +  J  (x'  -  y' )u  +  Xt*1",  4  K  *  *')«]• 

All  three  components  (u',  v\  w')  are  determined  and  remain  specified  even  though  Qg  may  go  to  zero. 

It  can  be  seen  readily  that  in  view  of  (39)  and  (40),  the  empirical  result  (5)  is  confirmed,  while  (6) 
offers  the  basis  for  the  numerical  evaluation  of  ■  «  0.  027/VJ  •  0.  016;  Lettau  (1968)  proposed  to 
name  *  tne  "Laufer  constant")  its  significance  for  the  center  region  is  comparable  with  that  of  the 
karman  constant  for  :ns  wall  region. 

Near  the  wall,  the  mean  shear  is  large,  ard  (40)  yields,  after  calculation  of  variances  end  co¬ 
variances  and  neglecting  of  terms  which  do  not  contain  , 

(41)  UduV-uV7)1^  •>  (z7?- A7?)37*  -  Z/i  •  l  A, 

(42)  (w'w'/-u'w'  w  (xV/xV)1^  «  V*  E  fl-WA  , 

The  last  steps  in  the  above  developments  are  postulates;  the  results  agree  with  Lumley  end  Fa  r»of  sky's 
findings  (7)  since  a  0. 428-valaefor  thv*  Karman  constant  corresponds  to  l/k  »  1.34;  end  (l-k)A  •  1.34. 
Equation  (40)  also  shows  that  W  doe#  riot  dejpand  or  5S  and  thus  cannot  be  noraellsed  with  the  aid 
at  -u'w*,  in  marked  contrast  to  uTtiT  end  wV. 
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4. 3  Eddv  Dlffusivitles  to  One-DIroenalonai  Shearflow,  With  T  Instead  of  s,  and  VT  a  ^Tj^it  fol¬ 
lows  from  (37)  for  mean  flow  as  defined  in  Section  4.2,  after  forming  covariances  u'w'  and  TW, 
that 

(43)  K  *  I1  u  +  (x'z'  -z'x')u  , 

u  z  z  z  ’ 

(44)  Kj  -  K„  +  F?[S-  (T^f;)u2/?z]  . 

It  Is  evident  from  (44)  that  possible  differences  between  eddy  dlffusivitles  can  ha-,  e  two  distinct 
causesi  (1)  differences  in  boundary  conditions  which  may  produce  dissimilar  mean  states,  or 
Qz/u  /  fz/T-T0,  and  (11)  structure  of  eddy  displacement  covariances.  Specifically,  this  statement 
refers  to  the  difference  in  the  two  terms  which  constitute  the  z-derlvatlve  of  the  lateral  lengthscale  i, 

(45)  I *  ex'z'j  hence,  21^1  *  x^z'  +  z^x*  . 

At  the  center  of  the  conduit  or  when  uz  *  0,  It  follows  that  both  dlffusivitles  are  finite  and  dependent 
only  on  eddy  displacement  structure 


(46) 

^u^center 

(47) 

®Vcenter 

u 

max 


center 


u  (x1  z') 
max  z  center 


3z'x') 

z 


center  * 


The  rate  at  which  Kj/fcj,  departs  from  i/Z  (with  increasing  distance  from  the  center)  depends  on  the 
mean  flow  conditions.  Indications  are  that  the  new  model  can  explain  the  observational  results  (4)j 
and.  In  view  of  different  boundary  conditions  also  the  discrepancies  between  Ludwleg's  and  Page's 
results  discussed  In  Section  2.2;  but  clarification  of  detail  must  be  left  to  future  work. 

It  is  significant  that  In  flow  where  the  only  nonzero  mean  derivatives  are  0Z  and  Tz  ,  the  co- 
variances  v’w',  v'u',  and  v'T*  equal  zero  when  calculated  with  the  aid  of  (36)  and  (37).  The  ex¬ 
ception  Is  the  covariance  u'T*  which  depends  on  the  longitudinal  scale  Z  and  other  characteristics 
of  eddy  displacement  statistics. 


4.4  Counteroradlent  Fluxes,  and  Eddy  Stress  In  Vanishing  Mean  Shear.  For  the  application  of  the  new 
model  to  atmospheric  flows,  It  Is  Important  to  consider  two-dimensional  horizontal  mean  motion  (for 
horizontally  uniform  mean  states)  and  bi-directional  mean  shear.  When 

9- X.  ■  Oj  V  x  X  ■  -^Vj,  +  J,  ux  ;  and  Vs  -  l^s^  , 

(36)  and  (37)  yield, 


(48)  4 


s' 


-  z'u2  ♦  vfy^  -  x^)  ♦  U^  ♦  y  +  t'J  , 

-  s'v^  -  u(y*K  -  x^)  ♦  v(x^  +  , 

+  y*  +  "  **)  "  *  /x>  » 

•*'it  +  )(x^  ♦  y*y  ♦  t^)  . 


The  vertical  eddy  flux  of  s-property,  even  for  v  •  vg  ■  0  and  zero  values  for  all  covariances  of 
eddy  displacement  components  If  they  involve  derivatives  with  respect  to  x  or  y,  can  easily  be 
countergradient;  namely,  If  9  ■  0, 


(49)  w*i'  ■  -1*  +  (a -a*)*  (s^x'  +  z^x^  u). 

In  regions  where  us  is  small,  (49)  shows  that  w's'  will  be  Independent  of  *z  ,  and  dominated  by 
•  -  a,  and  the  covariance  IJxJ  .  Possibly  such  relationships,  together  with  efivcts  of  wind  veerings 
can  axplain  observational  facts  discussed  as  In  Section  2. 1  (see  Table  1),  in  connection  with  low- 
level  )ets  and  thermo-tidal  winds.  Extreme  rate  of  directional  shear! a •  observed  in  the  lowest  32m 
above  antarctic  snow  fields)  is  compatible  with  (48)  and  the  condition  of  u*v*  ■  0  while  u*w*  /  0 
and  v'w1  4  0.  Detail  must  ha  i_ft  for  future  discussion. 


Flnsl'v,  we  turn  to  the  largest  circulation  discussed  in  Section  2— namely  the  giou  .1  jet  stream  at 
the  sub-  ropopause.  Observational  facts  summarized  in  (1)  yield,  In  combination  with  (36)  and  (37), 
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(50) 


»«'  =  -  y'i  +  (x'  +  y'  +  z'  )u  , 

*  y  * 

v'  a  -  x'£  -  (y1  -  x*  )u  , 

J  *  y 

W  a  (x;  -  Z^)u  , 

T’  a  -  y'T  +  (T  -  To  )<x'  +  y*  +  z' )  . 
y  0  x  y  z 


Note  again  that  the  new  model  produces  explicitly  all  four  fluctuating  quantities,  in  spite  of  locally 
vanishing  mean  shear.  Variances  and  covariances  can  readily  be  computed,  but  Independent  informa¬ 
tion  on  eddy  displacement  structure  in  this  flow  regime  is  needed.  Such  information  is  provided  by 
the  meandering  trajectories  of  the  "GHOST"  (Global  Horizontal  Sounding  Technique)  balloon  (see 
Bulletin  of  the  American  Meteorological  Society,  Vol.  49.  page  1182,  December  1968).  A  pronounced 
lack  of  isotropy  is  evident  in  the  following  estimates;  x'x'  »  yV  »  10*6;  x'y**  -1015* 5,  and 
z'z1  =  1010,  all  in  cm1;  furthermore,  x^x^  »  yy,yy  ■  10“°-  5,  but  zJjZx  «  x£xj  «  10-7.  Along  the  Jet 
axis,  all  covariances  with  derivatives  as  factors  are  assumed  to  be  zero. 


The  above  structure  values,  when  combined  in  variances  and  covariances  formed  from  (50)  with 
the  observational  facts  listed  in  (2),  agree  by  order-of-magnitude  with  the  direct  data  evaluations 
listed  under  (3).  Notably,  the  mean  meridional-lateral  stress  -u'v*  is  explained  as-xV(l)*  ■ 

1015.  5*  io-10  a  10s-  5  cm2/secl,  the  same  as  the  directly  evaluated  magnitude  quoted  in  (3).  Where 
the  classical  turbulence  model  failed,  the  new  model,  due  to  its  more  realistic  consideration  of  eddy 
displacement  structure,  has  yielded  acceptable  results. 
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Summary 


The  fluetuatione  of  temperature  and  of  the  horizontal  and  vertical  component 
of  wind  have  been  measured  by  platinum  wire  and  hot  wire  anemometer  at  3.5  m 
height  above  the  water.  Prom  this,  the  vertical  fluxes  of  heat  and  momentum 
are  calculated  as  well  as  spectra  and  coapectra.  The  vertical  heat  flux  can 
be  shown  to  be  nearly  proportional  to  the  product  of  mean  wind  speed  and 
temper,  turedifference  air-sea  with  a  transport  coefficient  near  1  x  10“^  and 
an  uncertain! ty  of  5  mcal/on  airs. 

The  parametrlzation  of  the  vertioal  flux  of  momentum  ie  usually  done  with 
aid  of  a  drag  coefficient.  Por  mean  oc  ditions  a  value  of  1.2  x  10”^  is 
appropriate.  The  dependence  of  the  drag  coefficient  on  the  stability  of 
density  stratification  ie  shown.  Additionally,  the  dependence  of  spectra 
and  ooopectra  on  the  stability  is  denonstrated. 


Capitions  of  figures 

Pig.  1.  Drag  coefficients  versus  wind  speed.  Reference  height  is  10  m. 

Results  of  our  direct  measurements  at  the  fixed  mast  (  o  •  )  and 
the  buoy  (  v  w  )  under-  stable  (  full  symbols  )  and  ur  table  (  open 
symbols  )  conditions.  Direct  measurements  of  Veiler  and  Burling 
(  x-wires  )  and  of  Sknith  (  thrust  -  anemometer  )  are  shown  by  broken 
lines.  Drag  coefficients  calculated  by  Brocks  from  profiles  under 
strictly  neutral  conditions  are  shown  by  full  line. 

Pig.  2,  Drag  coefficients  versus  stability.  Ly  is  Monin-Obukhov-lsngth, 
including  Influence  of  humidity  stratifioation. 

Pig.  3.  Cospectra  of  the  vertioal  and  horizontal  downwind  ve If  city  component, 
normalized  with  u^!  for  different  stabilities. 

Pig.  4.  Speotra  of  tne  horizontal  downwind  (u)  and  -vertical  (w)  wind  velocity 

_2 

components,  nomalized  with  u  ,  for  different  stabilities. 

Heat  flux  from  direct  measurements  versus  ui8.  Pull  line  is 
re/tression  of  H  on  uA9,  broken  line  is  regression  of  ud©  on  H. 


Pig.  5. 
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Direct  determination  of  the  vertical  fluxes  of  momentum  and  heat  is  possible 
by  the  eddy  correlation  technique.  For  this  purpose,  the  fluctuations  of 
temperature,  of  horizontal  wind  speed  and  of  inclination  of  the  wind  against 
the  horizontal  were  measured  at  sea  together  with  determinations  of  waves  and 
subsidiary  data.  Measurements  have  been  done  with  platinum  wires  of  15  /u 
diameter  and  about  20  mm  length,  operated  as  hot  mires  in  constant  ourrent  mode. 
The  sensors  were  exposed  in  the  undisturbed  air  flow  at  a  buoy  loo  m  windward 
of  a  research  ship.  The  necessary  upright  positioning  of  the  sensors  at  the 
buoy  In  the  moving  sea  surface  wae  maintained  by  a  Bervostabilisation  with 
reference  to  a  gyro. .This  system  has  been  used  at  the  Baltic,  he  North  Sea 
and  the  Atlantic. 

Additionally,  in  the  Baltic  a  fixed  mast  was  available  which  stood  in  waters 
of  14  m  depth.  Sensor  height  in  both  cases  was  typically  3,5  m  above  the  water. 
The  site  of  most  of  the  measurements  reported  herein  was  in  the  Kieler  Bucht 
with  a  fetch  of  at  least  16  km.  Records  of  2o  or  4o  minutes  length  were  used. 

A  greater  number  of  sensors  was  applied  in  order  to  minimize  effects  of  change 

of  calibration  due  to  contamination  and  aging.  For  example,  the  24  measurements 
which  underly  Fij.  1  and  2  are  from  six  days  using  lo  different  sensors. 
a  continous  check  on  calibration  of  the  velocity  components  is  possible  by  aid 

of  fast  response  cup  anemometer  and  the  assumption  that  the  vertical  velocity 

is  zero  in  the  mean  over  a  period  cT  say  lo  minutes. 

The  vertical  fluxes  of  momentum  ( T )  and  heat  (H)  are  calculated  from  the 
fluctatic  .3  of  horizontal  downwind  component  (u1)  and  vertical  component  (w1) 
of  wind  and  of  temperature  (T')  by 

T  =  -  P  u’w‘  (l) 

H  s  p  (2) 

where  the  overbar  denotes  averaging  over  the  period  of  the  record,  p  density  of 
the  air,  cp  specific  heat.  As  it  is  well  known  that  in  the  atmospheric  boundary 
layer  the  stress  ( T  )  increases  approximately  as  the  square  of  the  mean  wind 
speed  it  is  customary  to  define  a  drag  coefficient  (X)  by 

T«  pX,,^*  (3) 

the  subscript  lo  indicating  reference  to  windspeed  measured  at  10  m  height. 
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Fig.  1  shows  drag  coefficients  versus  mean  wind  speed.  Results  of  our  direct 
measurementsare  shown  with  different  symbols  (  open  symbols  denote  unstable, 
full  -  stable  conditions,  circles  -  measurements  at  the  fixed  mast,  triangles  - 
at  the  buoy).  Results  of  other  direct  measurements  over  water  (  fibith  1967, 
teller  and  Burling  1967  )  are  indicated  by  broken  lines.  The  full  line 
represents  drag  coefficients  comput»d  from  wind  profiles  obtained  by  Brocks 
(  personal  communication  )  in  the  North  Sea  and  Baltic  with  aid  of  a  buoy 
(Brocks  1959  )•  Only  profile  under  conditions  of  strictly  neutral  density 
stratification  (  as  determined  from  simultaneously  measured  profils  of 
temperature  and  humidity  )  have  been  considered. 

From  Fig.  1  it  is  evident  that  the  results  of  our  direct  determinations 
scatter  somewhat.  This  scatter  is  in  part  caused  by  experimental  errors  and 
the  natural  variation  of  the  stress.  Yet  it  is  suggested  that  at  least  a  part 
of  the  scatter  is  due  to  the  variation  of  the  stability  of  density  stratification. 

This  is  borne  out  by  Fig.  2,  where  the  same  drag  coefficients  are  Bhown  versus 
stability  as  given  by  z/lv.  The  Monin-Obukhov  length  1^  was  calculated  from 
simultaneous  direct  determinations  of  heat  and  momentum  flux,  corrected  for 
the  effect  of  humidity  stratification.  For  three  observations  (  shown  in 
brackets  )  the  Monin-Obukhov  length  had  to  be  estimated  from  indirect 
determinations  of  the  heat  flux  using  relation  (5).  Fig.  2  shows  that  within 
the  obvious  scatter  1 )  there  is  a  marked  tendency  for  greater  drag  coefficients 
under  unstable  and  smaller  drag  coefficients  under  stable  conditions.  Without 
going  into  details  it  may  be  mentioned  here  that  the  same  result  would  be 
obtained  if  an  increase  of  the  drag  coefficient  with  wind  speed  -  e.g.  as  has 
been  obtained  by  Brocks  from  profile  measurements  -  was  taken  into  account. 

The  increase  of  the  drag  with  increasing  instability  it>  mainly  due  to  an 
increase  of  spectral  energy  at  low  frequencies.  To  demonstrate  this,  six 
observations  were  selected  to  represent  different  conditions  of  stability 
(  see  Tab.  1  ).  Selection  has  been  made  to  obtain  a  broad  variation  in  stability 
without  prior  knowledge  of  the  spectra  and  care  has  been  taken  to  have  indepedent 
observations.  As  usual,  the  spectra  are  shown  with  frequency  (f)  as  abazissa  and 
frequenoy  times  spectral  energy  (  0UU ,  )  as  ordinate  so  that  the  area 

under  the  curve  is  proportional  to  the  speotral  energy  in  the  considered 
frequency  range.  The  spectral  energies  have  boen  normalized  by  division  with 
the  square  of  the  mean  wind  speed.  The  normalised  cospeotrum  of  the  horizontal 
and  vertical  velooity  component  may  be  thought  of  as  spectral  decomposition 
of  the  drag  coefficient. 


There  are  three  observations  from  one  day  under  unstable  conditions 
with  somewhat  email  values  of  X .  As  two  of  them  have  been  made  simultaneously 
on  the  buoy  and  the  fixed  mast  with  two  independent  instruments  of  the  same 
type,  it  is  thought  that  they  may  not  be  due  to  experimental  errors  but 
rather  represent  some  unusual  conditions. 


Ha«M  Dunokal  Sohriavar  Fig. 4 
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Tab.  1  Parameter  of  the  spectra.  need. 


run 

year 

site 

u 

m/s 

AT 

C 

density 

stratification 

12/11 

-  65 

buoy 

B 

2.66 

+ 

1.8  + 

.53 

11 /  9 

-  65 

mast 

B 

5.59 

+ 

1.2  + 

.10 

strongly  stabls 

12/16 

-  65 

mast 

B 

7.32 

+ 

1.4  + 

•  o3 

7/  3 

-  68 

buoy 

N 

6.05 

+ 

1.1  + 

.06 

moderate  stable 

25/  8 

-  67 

mast 

B 

7.94 

- 

2.4  - 

.03 

11/  2 

-  68 

buoy 

N 

9.29 

- 

2.7  - 

.05 

moderate  unstable 

‘  ■'  no  temperature  fluctuations,  heat  flux  estimated  from  uA0 
B  Baltic  N  North  Sea 


The  marked  increase  of  low  frequency  oospeotral  energy  with  increasing 
instability  (  Pig.  3  )  may  be  explained  as  follows.  With  Increasing  instability 
vertical  movements  Increase  in  general  without  appreciable  ohanfee  of  the  shape 
of  the  w  speotrum  (  Pig.  4  ).  A  stronger  increase  of  the  spectral  energy  of 
the  vertioal  component  at  low  frequencies  seems  to  be  inhibited  by  the  presenoe 
of  the  boundary.  As  the  spectral  correlation  coefficient 


RJf>» 


(4) 


is  increasing  from  about  .2  at  higher  frequencies  to  about  .6  at  lower 
frequencies,  a  uniform  Increase  in  spectral  energy  of  the  w  component  adds 
most  at  the  low  frequency  pari  of  the  u,w  oo spectrum  and  the  peak  shifts  to 
lower  frequencies.  This  argument  is  valid  even  if  the  low  frequency  energy 
of  the  u  component  would  not  increase.  The  change  in  shape  of  the  u,w  cospectrum 
with  ohanging  stability  therefore  seems  to  be  a  significant  feature  near  the 
surface . 


Prom  the  w  speotra  of  Pig.  4  we  may  draw  another  conclusion.  On  several 
occasions  at  international  meetings  the  direot  measurements  of  stress  have 
been  questioned  with  the  argument  that  the  necessary  exaot  vertioal  positioning 
of  the  sensors  is  not  aohievable  under  field  oondltions.  Every  inclination  of 
the  sensor  will  give  a  marked  deviation  of  w  from  sere  especially  at  the  very 
low  frequencies.  Te  therefore  assume  that  w  equals  r.ero  in  the  mean  over  the 
length  of  a  record,  This  la  Justified  from  the  observed  w  speotra  as  the 
spectral  energy  is  praotloally  sero  at  .ol  Hs.  It  say  be  mentioned  that  the 
high  pass  filter  whioh  ie  imposed  by  w  ■  0  for  a  record  length  of  20  minutes 
has  s  out  off  frequency  of  .8  x  10”'  Hs  and  thsrsfors  cannot  be  responsible 
for  the  drop  of  the  w  component. 

There  is  evidence  from  the  speotra  that  the  depedenoe  of  the  drag  ooeffioient 
on  stability  is  real  though  the  experimental  material  whioh  we  can  present  today 


ia  still  wall.  This  is  of  some  hearing  as  the  parametrieation  of  the  vertioal 
fluxes  becomes  more  and  more  urgent  for  the  numerioal  experiments  of  the 
oiroulation  of  the  atmosphere  and  for  weather  prediction.  It  will  he  possible 
to  oaloulate  the  momentum  flux  by  aid  of  formula  (3)  using  the  mean  wind  speed 
at  10  m  and  -  at  least  for  windepeeds  up  to  12  m/s  -  a  constant  drag  ooeffioient 
of  1.2  x  1(T3  with  an  aoouraoy  of  20  or  25  jt.  If  we  take  stability  into 
consideration ,  an  aoouraoy  of  15  ^  should  be  achievable. 

Yrom  our  direct  measurements  the  vertioal  flux  of  sensible  heat  may  be 
calculated  too.  In  Pig.  5  the  heat  flux  (H)  is  given  versus  u10h®,  where 
is  the  mean  difference  between  the  potential  temperature  of  the  air  (  at  4  a 
height  )  and  the  water  surface.  The  figure  shows  that  the  heat  flux  may  be 
fairly  well  etimated  from 


H  '  -Cpp  cHu10n  e  (5) 

with  cH~1x10'*  and  an  unoertainity  of  H  of  5  moal/W^min,  Prom  the 
theorstioal  point  of  view  it  would  be  desirable  to  have  the  coefficient 
given  as  a  function  of  the  mean  wind  speed  and  some  measure  of  stability,  but 
perhaps  this  is  not  even  necessary  for  practioal  purposes. 


H 


o  QerUet  l**7.  Ml*  U#-A0  [C-&] 
4  s«l*  1M7  •  OerOet  1M7.  Un 

e  SwOet  IM  •  SerUet  1SS7.  M  m 
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MEAN  WIND-PROFILE  AND  TURBULENCE  CONSIDERATION  OP  A  SIMPLE  MODEL 

IUImt  Roth 


■stsorolosischis  Inst  It at  dsr  UnlrsrsltRt  Ktochso 


This  ptnr  li  bsssd  ae  it  ad  in  does  hj  th»  wtbor  Jarls*  s  c**  imti  Tint  to  ‘WRO-Otilstos  of  llsttoroloiiesl  Pkjilci. 

A«ob4s1i.  »wtriH«" 


A  mode]  la  described,  by  which  tha  aean  rertioal  wtnd-pr%jfil  and  turbu¬ 
lence  spectra  at  different  helghte  are  calculated  for  a  turbulent  boundary 
layer  without  thermal  stratification.  The  model  make a  use  of  Heisenberg's 
formula  for  the  transfer  of  turbulent  energy  and  is  based  on  the  aesuaption 
of  a  constant  shearing  stress  in  that  boundary  layer.  As  a  result  a  loga¬ 
rithm!  o  wind  profile  follows  with  0.39  as  the  value  of  von  Kerman1 e  con¬ 
stant,  which  is  -  in  this  nodal  -  strongly  related  to  the  inertial  sub¬ 
range  of  the  turbulent  energy  epeotra  and  therefore  to  the  Kolnoeoroff 
oonstant. 
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Mean  Wind-Profile  and  Turbulanoa  Considerations  of  a 
Simple  Modal.  *) 


Balnar  Both 

Mataorologlaohaa  Inatitut  dar  Un'rareitMt  MUnohan 


Building  a  model  means  to  oona^ruot  a  aat  of  equations  showing  a  similar 
baharlour  aa  a  spaoial  phyaioal  axparlaant.  But  aran  a  aodal  conetruotad  to 
daaoriba  a  rath a r  ooaplloatad  phyaioal  problaa  auat  solra  aiaplar  problaaa  of 
tha  aaaa  kind,  tharafora  only  tha  vary  aiapla  problaa  of  a  turbulant  boundary 
layer  with  horiaontal  hoaoganity  and  no  thermal  atratifloation  naar  a  rough 
wall  ia  diaouaaad  in  thia  papar. 

If  thara  ia  a  gradiant  of  tha  aaan  wind  a  pa  a  i'  -  hara  0  aaaunad  -  it 

ia  known  fron  hydrodynanioa  that  tha  dissipation  of  anargy  par  unit  of  tlna  and 
aaae  &  is  giran  by 


or 


C) 

U) 


whara  t  la  tha  thaarlng  atraaa,  §  tha  danaity  and  K  tha  addy  diffuaiVity,  . 
Pros  Squ.  1  and  2  follows  lnnadiatly 

r  «  §  ^ 

If  tha  aasunptlon  is  mads  that  thara  la  no  dlrergenoe  of  tha  rertioal  flux  of 
turbulant  anargy  and  no  adraotion  of  turbulant  anargy  in  the  aaaa  undar  oon- 
aldaration  than  tha  amount  of  anargy  £  ia  tranafaraa  froa  tha  klnatlo  anargy 
of  tha  aaan  flow  into  klnatlo  er-rgy  of  turbulanca  and  froa  thara  into  haat. 


It  la  known  that  turbulanoa  oaaoadas  tha  anargy  froa  aaaller  to  largar  ware- 
n unbar a  and  latar  at  highar  waranuabare  tha  dissipation  into  heat  takas  plaoa. 
thia  hand  orer  of  anargy  batwaan  dlffarant  wawanuabars  is  ona  of  tha  aain 
problaaa  of  turbulanoa  theory  and  this  problaa  ia  uneolred  up  to  now.  Among 
aaplrioal  foraulaa  describing  thia  oaaoading  of  turbulant  anargy  la  that  ona 
giran  1948  by  V.  Haiuenbarg  ZV»  *hloh  will  ba  uaad  hara  furtharon  in  tha  lorw 


St~ 


•  [  2  ML^F^dvd' 
o 


(M 


whara  P ia  tha  spectral  danaity  of  turbulant  anargy  par  unit  of  aa aa,  it.  the 

waranuabar  in  rad/leigth,  and  C  la  a  nuaarloal  conatant,  which  will  ba  diaouaaad 
latar.  V  la  tha  kinematic  vlaooaity. 


tha  solution  of  Bqu.  4  for  a  giran  ratio  of  dissipation  £  la  £\j 


*)  this  papar  la  baaad  on  atudlaa  dona  by  tha  author  during  a  ona  years  rlalt 
to  *C8IB0-Dirleion  of  Mataorologloal  Ft yaioa,  Aspendals,  Australia*. 
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and  if 


)L 


( 


3,  •  Ca- 1. 

gv-V 


the  solution  reduo**  to 


and  for 


the  approximation  la 


Both  approximation*,  Equ.  6  and  7,  intaraeot  at 


v  _  l  V-C-  j-.f* 

*■  V.  8-'!^  / 


I-  nay  b*  noticed  that  if  Kolmogoroff  ~  5/3  law  for  the  inertial  subrange 
ia  given  by 


than  o(.  and  C  arc  related  by 


0) 


C  'O') 


low  assumptions  have  to  be  aade  to  apply  these  formulae  to  the  problem  of  a 
turbulent  boundary  layer.  At  last  those  eddies  with  axis  parallel  to  the 
surface  of  the  wall  are  strongly  influenced  by  the  presence  of  the  surface  and 
it  seers  to  be  reasonable  to  consider  the  wavenumber 


a  e^w,  a 

* ■  a  limiting  wavenumber  for  those  eddies.  Besides  this  the  value  of  Jtwdn 
goes  fairly  well  with  that  wavenumber  where  the  maximum  occurs  in  measured 
energy  speotra  cf  the  vertioal  component  of  the  windspeod.  For  aimplioity  in 
the  model  is  assumed 

W)  ~  $  W"  *-  < 

and 

by  Equ.  4  for  «.> 

Tn  addition  the  assumption  of  isotropy  is  aade  for  . 


flMyautir** mmm-  ■  •*-- 
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the  mein  problem  now  is  that  in  ths  csoond  right  hand  term  in  Equ.  4  ths 
integral  is  running  f rom  zero.  This  integral  represents  the  square  of  ths 
vortioity  in  that  wavenumber  interval  given  by  the  boundaries  of  the  integral^ 
and  because  there  is  in  the  here  described  model  no  vorticity  of  turbulent 
motions  in  the  interval  o  s  w.  6.  ,  the  only  vortioity  which  reaains  in  that 

interval  is  that  one  of  the  mean  wind-profi’  3.  This  ohanges  Bqu.  4  in 


where  a  factor  of  has  to  be  introduced  because  only  1/3  of  -  that  is 
ths  vertioal  component  of  the  turbulent  aotione-interacts  with  the  mean  wind- 
profile  o  Then  the  integral 


rapreesnto  the  energy  which  is  per  unit  of  time  and  mass  transfersd  froa  the 
mean  flow  into  turbulence  and  by  comparison  with  Equ.  2  follows 


With  the  assumptions 


and 


=■  d* 

W) 

\k  -  0  O.V  2^  =  io 

OM 

^  -^wwx  ^  '*  ^w.0 VX 

0s^> 

U*"  \\ 

Ob') 

where  u#  la  constant  with  heigh  but  unknown  it  is  possible  to  oaloulate  the 
mean  wind-profile  between  g0  and  by  8X1  iteration  prozeos.  Thie  iteration 

s  ari-e  with  randomly  ohoosen  spectra  for  each  height  and  makee  use  of  the 

general  form  of  the  windprofil 

In) 

which  is  equivalent  to  Equ.  3. 


In  a  short  form  this  iteration  may  be  described  as  follows; 


1  calculate  for  all  heights 


2  calculate  by 

2-  L 

W><  =  - 

(integrated  form  of  Equ.  17.) 
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3  oaleulate 

IX\  - 

4  calculate  for  all  heights  and  wavenumbers  by  use  of  Bqu.  12. 

5  So  to  1 

Ibis  iteration  converges  against  a  logarithmic  wind-profile  and  reosonable 
speotra. 

Sue  to  the  simplicity  of  that  model  one  main  result  follows  analytically  if 
8qu»  13  is  integrated  by  using  Bqu.  6  instead  of  Bqu.  5.  This  gives  an  error 
in  of  the  order  of  9  end  the  result  is 

ir-tvc.*^^  Os') 

Together  with  Bqu.  2,  Bqu.  1?  and  Bq».  10 


and 


’bh 


'A*-  _ 

V*#- 

_ _ 

(  2  "1 

\  ->  Vi 

'kirs  i 

\  01  ) 

—  Vv*  '  Sl'3: 


t'1) 

(.a®") 


fellowe,  where  it  le  used  for  abbreviation  instead  of  the  numerical  term,  which 
should  go  with  von  Xaraan'e  constant. 


As  T.H.  Ellison  [l]  gives  as  ths  beat  value  for 


o(  =*  l  .V*  i  0  .OH 

the  oonsequenoe  ie 

=  O.'5>c1±0-'03>  » 

Turtheron  this  valus  of  ot.  is  related  with  a  value  for  C  very  olose  to 

and  as  it  is  possible  to  give  a  simple  aodsl  going  with  Heisenberg's  formula 
whioh  leads  to  ths  same  valus  for  C ,  it  may  be  mentioned  that  the  value  of  *». 
than  is 

8.=*  ^-2^  -  0^5"  . 


To  dioouss  the  main  result,  ths  relation  between  von  Barman's  constant  and 
Kolmogoroff's  lonstant,  it  is  reasonable  to  look  for  another  hint  wether  it  ie 
possible  that  von  Karmen's  oonatant  depends  on  the  inertial  subrange.  Tor 
simplicity  '43  ie  used  as  ths  valus  of  C  and  ths  spectrum  le  thought  to  consist 

of  ths  -5/3  and  -7  part  only. 
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la  the  discussed  model  the  condition  f or  the  existence  of  a  -5/5  part  of  the 
Spectrum  at  a  height  2-  is 

and  by  using  Equ.  2,  Equ,  19,  and  Equ.  20  this  may  be  written  as 

^ 

The  left  hand  term  in  Equ.  22  ie  a  wellknown  quantity  for  the  discussion  of 
windtunnel  measurements.  Here  measurements  of  I.  Nikuradse  are  refered  as 
quoted  in  fij ,  who  found  as  condition  for  full  develloped  rough  flow 

>  70  l»> 

where  is  the  so  called  sandgrainroughnee  and  for  these  measurements  ol  was 

related  to  ae  by 

&  ce  3>0‘*o  (i**) 

and  therefore  Equ.  25  may  be  interpreted  as 

y  2.5 

This  shows  that  even  at  the  height  of  *0  there  must  be  a  -5/3  part  of  the 
spectrum  as  condition  for  full  develloped  rough  flow. 

If  is  smaller  than  2.5,  there  is  no  full  develloped  rough  flow  and  then 

von  Harman' a  constant  does  not  appear  in  the  form  . nation  of  the  wind-profile 
eloae  to  the  wall. 

The  main  purpose  this  model  was  built  for  was  to  investigate  more  complex 
problems  but  first  of  all  it  must  describe  simple  problems  as  well  and  this 
was  shown  in  this  paper. 
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Sunnary 


In  a  twodinensional,  ouaeigeostrophie  twolayer-aodel  short-wave 
perturbations  ara  superinposed  to  a  long-wave,  stationary  basic 
state.  The  shear  of  the  basic  flow  le  depending  on  x.  On  the  western 
side  and  is  the  centre  of  the  longwave  trough  and  on  the  eastern  side 
of  the  ridge  strong  dsvelopnants  are  taking  place.  The  western  side 
of  the  ridge  is  a  sons  of  danping.  The  influence  of  neridional  and 
sonal  vortioity-advcction,  tenperature-adveotion  and  vertioal  veloc¬ 
ity  on  the  tendency  of  the  short-wave  perturbations  are  being  exaained. 


1  t'  —  1 


Os  the  Development  ef 

Inst 1 tut 


Cyolones  is  a  Stationary  Leng-Wave  Bftftlft  8t«t« 
J»  £ gger 

filr  theoretische  Meteerolfgi* 

UniversitSt  Mttnohen 


1.  IntreduotW 


Is  the  upper  air  okarta  for  the  aiddle  latitude*  there  la  usually  a  long-wave 
field,  in  which  abort  wavee  are  ipreadijg.  The  lon<  wave a  aio  neatly  stationary, 
whereas  tha  abort  one a  wove  quickly.  By  transversing  the  fields,  the  abort  wares 
are  liable  to  experiesoa  oonsiderabla  changes  of  their  amplitudes  f 27 . 

The  behariour  and  the  stability  of  ahert-ware  disturbances  in  a  stationary  bare- 
olindo  zonal  flew  hare  often  been  examined  ( e.g.  [l]}.  In  this  ease  the  shear  of 
the  socal  flow  is  not  depending  on  x,  It  does  not  nake  any  differenoe  Jor  the 
development  of  the  disturbances  at  which  x-ooordinate  they  are.  Eaanating,  how- 
evor,  from  a  long-ware  basic  flow,  aa  reoonaended  by  the  synoptic  finding*,  the 
hear  depends  on  x.  Cold  troughs  and  warn  ridges  follow  is  suoosssion.  For  ths 
development  of  a,  say,  low-pressure  disturbance  it  will  then  be  of  iaportance 
whether  it  is  in  front  of  a  long-ware  ridge  or  in  its  rear.  To  examine  thla  in¬ 
fluence  of  the  stationary  leng-ware  basic  flow  on  the  disturbances  is  the  ala 
of  the  subjeot  ir  restig a tion. 


2*  Equations 


"he  theme  dynamic  equation 

(2 1 1 ) 

and  the  vortlolty  equatien 

( 22 ) 

had  bssi  applied  ae  initial  equations  -  both  quasigeostrophio  ap proximo +ed- 
whereby  tp  lr  the  streaafunotin,  t^the  vector  of  the  geostrophio  wind,  f  the 
Corlslie-paraaeter,  ft  the  Rossby-paraaeter,  «•  for  the  hydrostatio  stability 
and  co  the  vertical  velocity  in  the  p-systea.  «>  is  constant. 

Vertical  boundary  condition: to  -  0  for  p  -  0  ab  and  for  p  «*  1000  mb. 

The  ataesphere  is  divided  -  in  the  known  Banner  -  into  two  layere.  The  indises 
i  ■  1,  2,  3  are  detailed  to  the  three  p-surfaoe*  for  n  -  230.  300  and  730  ab, 
respectively.  Squation(2j 1 )  is  applied  for  surfaoss(2),  ( 2 1 2 )  for  the  surfaoes 
(1)  and  (3).  Thereby i(Oa. /Dp  replaoee  the  quantity^  in  (2|2),  taking  into  con¬ 
sideration  the  boundary  oondition co  ■  0  (Dp  •  300  ab).  Thus,  it  rssults  in 


(  iL  4  •  V  )  -t  (2  -  -fco±  /Dp 

(2j3) 

(  ^  -t-  £(*$4  4  Hi)*  Vjf'fa-'M  -  -  SutfipU 

(2j4) 

(|t-f 

(2j5) 

thereby  Mi  is  rejplaced  by  {^i  ♦  Vb)/£  .  For  this  systea  of  equations,  a  long¬ 
wave  stationary  baeio  state  4,  has  now  to  be  found,  to  whloh  short-wave  pertur¬ 
bations  ar>  te  be  superlaposed. 

The  equation!  for  this  stationary  baeio  state  read  then  as  fellows: 

- 1 YTy*-  ■*  ^ 

(2*6) 

(2*7) 

Ths  on  the  right  side  of  (2:6)  counts  for  i  ■  1,  the  for  i  ■  3.  Having 
found  a  solution  for  (2j6)-(2?7),  one  then  superiaposee  a  perturbation 
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to  the  basio  stats,  l.a. 


V,  =  V(.  -*V*  (2*8) 

Applying  tbia  assumption  to  (2,3)-(2,5)  you  reoeire  for  the  perturbation  tbs 
cystaa  of  aquations 

i  ♦  vv^vVj  *  -  h&  ))  *fi  ]?*1  =  ♦  <“>*  f*  (2,9) 

This  syatsa  of  nonlinear  equations  for  H-*  end  is  to  bs  ■ sired.  At  tbs  tias 
t  •  0  a  disturbance  H\*  la  assuaed,  y;  being  known.  Tbs  bebariour  of  <+V*  during 
the  oeuraeof  tine  la  to  be  ooaputed.  Aa  aolring  of  (2,9)  -  (2,10)  ia  the  reeuiw 
of  using  nuaerieal  as t hods,  applying  of  linearising  can  be  refrained  fron. 


3.  Basic  State 


She  equations  (2,6)  -  (2,7)  are  to  be  so  ed.  Aa  tbe  basio  state  is  to  bare  tbe 
shape  of  a  ware,  tbe  assuaption  ia  obrious 

^  4  BiiiVt;  )  (3,1 

1  »  1,  3,  U, ,  A,  constant,  k  -  2ir/L,  y>  0..  L  ia  tbe  ware-lengtb  cf  the  baeio 
state.  Tou  Insert  (3,1)  in  (2,6)  -  (2,7),  eliainate  uj^and  reoeirc 


u- 


/9  (kl~  F^h-m)) 
kTl(k-i  -FfR-M/B)) 


(3,2) 


UU  = 


(3,3) 


with  r  -  f2/^  Dp  “7  and  A  -  A  ,/A*.  Knowing  tbe  quotient  A  -  A./A,,  0,  and  U,  oi 
be  deteralned.  Table  1  shows  for  sereral  ralues  of  A  and  for  L  «  1 0  km  tbe 
correeponding  U,  and  0,.  Hereby,  tbe  sane  aa  in  tbe  following,  tbe  dates  are 
applied,  3  «  -  .  _i  _i  , 

g1  -  0.028  mzmb  zssc  z,  f  -  10  4sec  ,  /3  *  16.2  ■  — 

-1  „  _ -1  1 


can 


seo 


11. 


aseo 


0^  asee 


41 

49 

50 


41 

22 

14 


Table  I.1  and  Uj  fcr  rarious  values  of  tbe  quotient  A  -  A,/A^. 

If  you  oboose  A>1  and  0<A.<C.,  A,<  U,,  (3,1)  can  be  considered  as  tbe  stream- 
function  of  a  significant  basic  stats.  The  sonal  component  of  the  geoetrophic 
wind  is  always  poeltire  an1'  decreases  when  pressure  increases,  fron  fig.l  it  is 
erldent  that  between  longwaee  trough  and  ridge  tbe  meridiorel  component  of  the 
geostropbio  wind  is  dlreoted  to  tbe  North  and  that  thei^  ascending  aoreaent  of 
air  is  predominating  (£a<  0).  Just  the  opposite  exists,  namely  North  wind  and 
desoendlng  aoreaent  of  air,  between  tbe  ridge  and  trough.  In  the  trough  tbe  shear 
ia  stronger  and  the  air  colder  than  in  tbe  ridge. 


4.  Solution  of  the  equations  for  tbe  perturbation 


Starting  with  an  assuaed  perturbation  S’  *  at  tbe  tim»  t  ■  0  th*  system  (2,9)  - 
(2,10)  ie  to  be  eolred  as  a  initial  ralue  problea.  Tbe  quantities  of  the  basio 
state  are  being  determined  as  per  Cap. 5.  _ 

One  now  esauaes  that  the  disturbance  v*as  well  as  'ti  is  a  linear  function  of  y, 
thba  U,-*  .  y  ,  whereby  <fi  depends  only  froa  x  and  t. 

Substituting  this  assuaption  to  ^2,9)  -  (2, 10),  this  shows  that  tbe  problea  is 
now  twodiaenaloual.  Only  the  superimposing  of  wares  in  a  x.p-plane  has  to  be 
exaained. 

Bliaiaatlon  of  ui*  and  using  (3,1)  trmnsforae  (2,9)— (2,10)  into 


■10 

■20 


-30 

*<o-| 
-so 
■60 
-70  H 


p*  SOOmb  CJ 2  7>  0 


T 

3 


i - r 

<  5 


i  £10  km  J 


9  » 

^ - 


6J2  <  0 


GJp  >  0 


fif.1.  u4  ,t.  (aaao 
with  p  «  25y  nb  aad  p  - 
I  y  -  2  105  ka. 


|(p.*iF(<Pl -<*,)) 

at  3>-i 


"!L°*Jr*!!poa4i5«  £•  (3!1}  botb  **•  proaajwa  iorf.011 
750  ab.  0^  »  50,  Uj  •  14,  ky  -  15,  Aj  •  5  |  L  ■  1o"toa 


|f,R,.1cov»r>-  2*»r*R*,i«V«df)y  FCftu,.  vR».  Si*  fc>;^  _  k  R*Coi  U- 


-*£< Pi -RUXfc -*♦,)*  cojfc*  -  (U, -««  ♦  («j -ROf  »•* *>£J 

^•.?"f*rlT‘tlw**  ”“•  r«pUc«d  by  tha  alanlaat  diffaraaea-oaotioBta  Thi« 

C4H)  to  a  ijitn  of  li««r  aquation*  for  tha  21  quantitiM  &7*?  tmaafor*. 

(  ^i-**.-*  <^i-h.'*i)/Daa  i  f-CfyiM.  -  =  HSi\  (4|2) 


U|1) 


A>  "  1  *r5 *.  n  •  x»*»JL  o««bof  of  grldpolata  in  tho  x-diraotloni  n  ■  L/l 

/a  it’  A**orlb#o  ft  at  tho  grldpolnt  (n,i).  Tha  quaatltlaa  si  in  * 

(4,2)  raault  froa  th.  right^lda*  of  ,(4|1)  b.  atplyU  th“d?ffSr«M  oS^tora 

i  I  VlT  V"  °  0M  l  PdriodtrdUtSKJr! 

Cirttifi  diffioultlii  o^loo,  hoviTtf |  by  the  bouAdtrr  oiiditlttB  1b  th*  v  .*  * «.aaj 
Tht  volution  1.  to  bo  porioilc  with  tho  tatorSP^ 


At  auoh  praacriptiona  tha  dataralaant  of  tha  ayataa  (4i2)  o  wm. 

sa^Sir00^ of  (4,5)  th*  •*-«-  RJ« “i.  iJiA!u,2iK1s:  2r 

la  ordar  to  Safina  ualqua  tha  aalatlon,  tha  additional  oouditioa 


Ul3) 


J*/  ^tiv  *  - 


(4|4) 
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will  be  introduced  £5] .  0s«  bow  omite  la  (4)2)  aa  equation,  perhape  the  on*  far 
i  •  3.  a  -  V  end  replaoee  aaae  with  (4)4).  It  oan  than  aaailj  be  ahown  that  the 
aelutlon  of  tka  newly  developed  ayatsn 


(^e  -  FC$*»-4U.)  (i, -•>*»;*) 

$,*.)  *  0 


(4)5) 


la  unique  under  ooaaideratloa  af  (4)5)  and  aelvea  (4)2)  at  all  poiata  [5j.  © . 
oan  aow  be  obtained  from  (4)5)  by  inveroion  of  the  matrix.  tx' 

for  ooaputinq  of  at  the  next  point  of  tlme,f£  for  t  ■  0  la  beinc  replaced 
by  a  forward,  otkarwiaa  by  a  oantarad  dlfferenoeSquotlent.  The  tine-atep  aaouatad 
to  one  hour,  for  tka  firet  three  atepa  tka  valuea  1/8  h,  1/4  k,  1/2  k  bad  been 
ohoaea. 

Tka  rlfkt4iaad  aide  of  (4)5)  oan  be  apllt  into  three  parta,  oaae  1  ■  3,  a  ■  I  of 
oauraa  exoluded, 

(4t6) 


Thereby  H8iiX  be  the  part  determined  by  the  aonal  vortioity-adveotlon,  RSM  de- 
rlvea  fraa  the  nerldloaal  rertioity-adTectien,  and  HSTc*.  from  the  theraadynaalo 
equation,  thus  from  the  ternpemture-adveotion.  Therefore t 


(4)8) 


'fcS2„t*TUvs-  [(U.,  +  n,s,~kM)jL  -  k’R.cost*  <♦»*) 

TLSKti~*TlSMi«  C*cniCotk>_^)g  .  | gp  +  kiftiS.fLk*)  (4)8) 

TLST^zHSTi  a  4  Fftrtta*  «a*.Vlcjr^  -  k  3tcos  k*  -  1 

for  reaaaaa  af  olearaeaa  the  rl«bt>hand  aldea  haTe  been  written  in  a  non-diecret- 
iaad  form. 

Aa  (4)5)  la  linaar  in  tka  ooatributloa  added  to  the  aolutioa  by  each  auaaaad 

af  (4)4)  oan  be  determined)  aoeordinfly  the  aalutlaa  ie  ooapoaed  by  three  parta. 


oan  be  determined)  aoeordlnfly  tka  aalutlaa  ie  eottpoaad  by  three  parta. 


Thereby  ^^aalvee  the  equatlona 


(4)10) 


0,*)*  Oj*)  (4)11) 

jr*t  $**1*  *  s  0 

Analofloal  %,lXaad  vW.v.  Book  eplittlnf  oaa  be  oarrled  out  at  varioue  potato  of 
tine.  It  flvea  aa  idea  of  the  coordination  af  the  various  adveotioaa  and  o f  the 
naekaniam  of  the  development  of  the  oyolonea. 


5.  He elite 


The  praoeaa  of  development  of  a  oonatellation  ia  to  be  diaoueood  eljeer,  i.e., 
far  a  baalo  flow  with  tka  data  A.  -  9,  A,  -  5.  0.  -  50.  0,  -  14  aaoo  ,  L  -  ICTkn, 

I  •  20  and  far  a  dlaturbaaoa  3  3 

^  -  5  *''">***  (5)1) 

2 

with  8-5  a  aec  for  t  •  0.  8  doea  net  depend  on  p,  thue  the  dlaturbaaoo  initially 
oorreaponda  ta  a  tarotropio  wave. 

At  the  tine  t  -  0  we  have  the  atrena-fwaotioa 


Y.  -  -  'fit  U,  +F. 


1  I  -vt  iVM 


_  s  *«'Ok* ) 


(5)2) 


The  r  *?»  c*e  »  ,&«  ?•  *•  *.-•*  ■»’  *5,  cut  sat  exactly  "  v  .  Is 

ie  r*Tes.;?I  "■’>»  t„  _>  •  K  o«  r .  ,  <  0  ;.e  thoee  of  B?  s,ni3  T.. 

?td»  th*  Yftlu«  of  2,  In  :h*  -ir.tr>*  -if  ?  nigfc  or  is*  you  can  conclude  5k  it*  ‘ 
tendency.  ?vier*>.fore  or*  hae  to  exeec;  d*v«i.<,pmer.t  for  H<  and  and  daaping  for 
r»-  and  T*.  A  consideration  of  *h*  three  ccmroneiiie  out  of  whici  the  9t  -wave  is 
composed ' is  W  reveal  tne  o*ue»*  for  the**  different  tendencies, 

All  three  waves  are  ftlnost  in  phase  with  the  £f\  -wave,  The  pzt  ~vz?s  coincide# 
almost  with  the  9*  -wave  in  the  surface  (3),  and  has  a  considsrahlwjjtrfer  amplitude 
in  <.h«  .urfaoe  (1).  In  general  <&,.  counteract*  <4,.  ,  hewever  ^Vie  pbeitive  the 
saae  aa  in  the  centre  of  H.  and  T,,  and  negative  at  Rr,  ana  T2.  the  vorticity- 
advection  support*  H,  and  T?  And  damps  H,  and  The  various  components  of  'ft 
in  the  500  ab-eurface  (2)  can  be  obtained  by  tail:  into  account  of  ( 4- i  1 )  „  (4;?), 
(4*8),  (4*9),  (4s10)  (WO)  5 


~  S<<  (~  iU-j,  cos2k>  +  £  ***(>*'"-  kv  -  $.V  3fcO  t,. j<x) 

‘ftua,  -  5k  (  BifSi*.  k*  +  J-  Si\l3'<x  )  ~  k  Siec  k kx  -+ i?  ^  Cos  2kx ) 

V^swaacai. 


(5*3) 

(5*4) 

(5*5) 


In  the  500  ab-eurface  the  term-2.Sk UtC«s2A>  fra*  (5*3),  the/3  -ter*  fro*  (5*4) , 
the  nonlinear  ter**  iS^kSiVAtorfro®  (5*3),  (5*4)  and  the  ter*  -  <tS kF(us-u^)  ±as akt/frxM# 
fro*  (5*5)  contribute  nothing  to  the  development.  In  a  aodel  with  pure  zonal  basic 
flow  there  would  be  4\,  =  <&(,  *  9T,  =  0  in  the  centres  at  the  tiae  t  a  0,  In 

order  to  effeot  the  development,  the  axes  should  first  be  tilted. 

<pZi,  and  ,  both  are  positive  in  H.  and  T, ,  and  negative  in  Ho  and  T2,  a*  aleo 
ehown  by  Pig. 2.  If  one  fellows  the  various  terms  of  i4j6)  and  (4*7),  rasp.  whilst 
the  calculations,  which  lead  te  (5*3)  and  (5*4),  respectively,  it  reeults  toi  The 
positive  sign  of  ?z<1b  H,  and  To  ie  due  to  the  fact  that  both  disturbances  are  in 
an  area  in  whlchr^yO.  It  la  Just  the  opposite  in  the  e»se  of  HovAnd  T-.  The 
effeot  on  <fW  ie  that,  due  to  the  aseu*ption  Yi*=  y<?c  ,  -  Automatically 

heoones  >  0  and  <  0,  respectively,  at  a  high  and  a  low,  respectively,  in  an 

area  with  Vj  <  0*  thus,  negative  and  positive,  respectively,  vorticityjadvaction 
in  taking  place.  It  is  the  opposite  in  the  case  of  “Ua  >o  0.  This  hao  to  support 
H.  and  T_,  and  da*p.  H-  and  (s.  Pig.1) 
for  <Prt  on#  derives  *h#  relation  for  all  + 

<^e-')=r  0  (5*6) 

in  addition  to  (5*5)  fro*  (4(9).  Therefore  ^isnd  4\y.j*lways  have  the  sa*e  absolute 
value  but  different  signs.  According  to  (5*5)  one  has  '■«  expect  in  the  surface  (3) 
in  front  of  each  9  -extremis  a  corresponding  9-rt  -extreau*  and  in  the  surface  (1) 
one  with  a  reversed  sign,  ns  U.>  U,,  0.  -  U,>  A.  -  A,.  This  contrast-distribution 
of  the  9T  -wav*  in  either  p-iurfaoss  effeots  th*  tilting  of  the  axes  of  the  dis- 
turbanoe^duriug  the  course  of  th*  following  8-16  hours £47.  . 

How,  A, >  A.  and  9  k1->4P>  a  -  is  f  ,  in  h.  and  T,  therefor*  has  to  bo«  <mJ>0 
4xr..<0;>  *  in  the  case  of  H2  and  f2  it  ie  Just  the  opposite.  This  corresponds 

to  tne  decrease  and  lncreastf  respectively,  of  the  thiokness  in  the  long-wave 
oold  air-  and  war*  air-area,  respectively.  The  effect  can  only  be  Juot  read-off 
Pig. 2. 

Pig. 3  shswa  the  conditions  after  16  hours.  H.  and  T2  have  strong \y  developed, 
daaping  oan  be  noted  at  H2.  T.,  however,  has  dverctsppod  th#  inltial'/value  in  (1) 
and  has  a  negative  in^the  center  in  both  layers.  Therefers,  one  has  to  expect 
a  further  deepening,  contrary  at,  the  ti*e  t  •  0,  the  axes  ef  all  disturbances 
have  tilted. 

The  relations  aaong  the  throe  components  of  the  9t  -wav*  have  ohanged  sinoe 
t  ■  0.  The  phase  lead  of  the  <Prt  -were  in  both  surfaoes  is  striking,  compared 
with  the  %  -wav*.  How,  tho  temporaturo-edvootlon  favours  all  dovolopments  in  (1) 

■nd  hinders  then  in  (3).  This  seeling  sf  all  lews  and  hsating  of  all  highs  Is 
closely  connected  with  th#  tilting  of  the  axes  £4]  .  .  . 

The  %t«wave  is  slightly  retarded  in  (3)  compared  with  ?e  ,  in  (1)  T2t  is  slightly 
in  advanoe.  Thereby  it  supports  strongly  H.  and  T,  in  (3),  H-  and  T.  are  almost 
no  longer  damped  in  (1),  H.  and  T,  almost  no  longlr  fur there®,  ooapirsd  with  the 
time  t  •»  0.  * 


2  50  C  m  b  J 


t  ,•&««  ,Trt  la  both  of  the  pressure  surfaces 
related  to  a  iiltialvalue  1.  The  other  waves 
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Tabc2.  Amplitudes  of  the  short-wave  perturbations  after  16  hrs  in  surfaces  (1) 
and  (3)  referring  to  an  initial  value  of  1.0  .  L  -  1C*km. 

/ 


and 


The  ter*  ±  -  ?«,*)  ^  the  eyste*  of  equations  (4  ?  1 1 )  for***  ia  responsible 

for  the^e  phase  stiffs.  It  represents  the  influence  of  divergence  and  vertical 
■otion.  C  3 J  , 

It  is  particularly  striking,  that  ^  is  exclusively  negative  between  x  ®  3' 10' 
and  x  fc  9*10'  .  Therefore  the  aeridionai  vorticity-advection  in  this  section  is 
continuously  positive. 

Suaaing-up  ths  following  is  the  normal  behaviour  of, the  various  wavee  in  the 
preesure-oenters : 

Because  of  its  phase  lead  the  -wave  gives  in  ( 1 )  always  a  Minor  development- 
oontribution  than  in  (3;  or  damps  stronger.  It  is  Just  the  opposite  with  . 

<Prt  favours  always  in  ( ' '  and  permanently  hinders  in  ( 3 ) . 

H.  certifies  this  scheme.  Carriers  of  development  in  (l)  are 
(pz  is  not  contributing.  In  ( 1 )  the  contributions  of<ft,t  and  are  largely 
cancelled,  and  <&.  nearly  coincides  with  ^  ,  A  similar  distribution  is  being 
ascertained  in  T,  j  however,  the  contribution  of 'ti*  in  (3)  is,  the  same  as  before, 
rather  slight,  although  negative,  and  in  ( 1 )  always  still  positive.  Striking  is 
the  change  of  sign  of  ^Mfc  nlnce  t  =  0,  which  enables  a  deepening  in  both  layers. 

The  positive  meridional  vorticity-advection  in  the  seotion  3<  x<9  ICr  effect*1 
in  particular  H-.  Whilst  Tvr  is  showing  approximately  the  same  position  as  at  H. 
in  relation  to  the  pressure -centers,  even  though  with  by  far  a  petty  amount,  and 
<fVe  having  influence  only  in  (D.  r  tot  is  damping  in  both  surfaces,  and  is  thus 
responsible  for  the  permanent  decrease  of  H-  .  T,  again  shows  the  nor*al  distrib¬ 
ution.  2  2 

Altogether  the  following  results: 

H.  in  the  trough,  which  is  a  zone  of  high  baroolinicity,  develops  quickly,  T. 
drifting  out  of  this  zone,  is  initially  being  filled  up  and  deepens  only  after 
tilting  of  the  axis  has  been  carried  out.  H,  in  the  ridge  -  an  area  cf  minor 
baroolinicity  -  is  being  decreased,  mainly  aue  to  strong  positive  meridional 
vort' city-adveotion.  T„  experiences  a  fast  deepening. 

It  is  left  to  examine^whether  and  how  these  models  of  behaviour  change  at  the 
variation  of  several  parameters.  Pcsults  can  be  read  fro*  Tab. 2. 

If  one  enlarges  A.  and  A,,  whereby  U,  and  A./A,  are  remaining  oonstant  (Nos. 1-4), 
H.  and  T2  are  becoming  strengthened,  lL  is  being  quicker  decreased,  T.,  however, 
;icws  little  impression.  According  to  *(5{3'  and  (1{4)  this  behaviour  of  H.,,H2,T2, 
can  already  be  explained  by  a  barotropiu  model:  Inorease  of  A.  leads  in  the  5o0-tb- 
surfaos  to  a  corresponding  strengthened  tendency.  Tbs  Nos. 7-8  are  proving  this. 

The  gradual  deepening  of  T.  is,  however,  not  explainable  by  the  initial  situation. 
In  pure  barotropic  basic  states  (U,  */$/**■)  T.  is  being  filled  up  (Noe. 7-8). 

Nos. 1-6  do  not  allow  a  distinguishing  of  a  clear  connection  between  the  parameters 
and  the  behaviour  of  T., 

Tilting  forward  the  axes  at  t  ■  0  damps  (No. 12)  oompared  with  No, 3,  tilting 
backwards  furthers  all  disturbances  (No. 11,  with  ths  exception  of  H-.  “he  influence 
of  ths  nonlinear  terms  in  the  equations  (3|3)  can  be  studied  at  th#flOs.5,9» 10, 13, 
and  14.  Because  of  a  change  of  tbe  amplitude  or  a  ohange  of  the  sign  at  the  initial 
perturbation,  can  only  take  effect  via  the  nonlinear  terms.  The  nonlinear  inter¬ 
actions  obviously  support  ths  formation  of  astrong  low  in  the  long-wave  trough  and 


s  * 


mg- wav 


.»N  ' 

,  t  f.« 


fts. . 


the  p  i ’ 


•'ll?  strengthens  th:«  tendeuc 


>»  ?  ,  .  H,  ,  .  rex ead  ■> f 

H.  »b4  t-,  aft*r  s  f  h, 

sr .  strongly  developed, 
th*  on#*  or  toe  **rU« 


H.  ,T,  etc.  suer  ar.  increaa*  ns »  o  leaping  efr'e  t  "Jr  H. 
eff?dt  on  T,  ana  H,-  1  'inm  ''  'r 


and  T,,  and  an  Invigorating 

j0  (Nos  *0,  .  The  ‘endency  quoted  'aarks-8ff  here,  too, 

A.  halving  6f  ia^in  particular  of  advantage*  to  i . ,  This  provas  again  that  the 
gradual  deepening  of  T,  after  initial  daaping,  i«  a  baroclinic  effect,  H,  and 
T„  alao  ■ait*  a  profit, 'On  the  other  hand  the  damping  of  H,  is  feeing  oauaed  by 
positive  vor tleity-advection  and  oan  be  slightly  influenced  by  changing  oftf  . 
Noo.S,  17,  18  can* hardly  be  oompared,  as,  in  thi*  oaee,  together  with  the  wave¬ 
length,  also  the  U,  change  consideraoiy .  Neverthslese,  a  particular  strong  damping 
of  T,  and  H2  can  be  noted  for  the  relative  short  waves.  For  lo  g  waves  a  quick 
extension  of  H, ,  T.  and  Tj  (So. 18)  oan  be  observed. 
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MODELS  AERO  (HYDRO)  DY1UKIQUE 


POOR  I£  CALCUL  DD  REGIME  DES  OKDES  DE  REUS? 


par 

Radyadour  ZEYTOUHIAi. 
O.N.E.R.A.  (92  -  CHATILLON  -  France) 


*Ing6nieur  de  Recberohen  k  la  Dirac t ion  la  I'AArodyneaiqua. 
Docteur  ts-Sciencae. 


3  o  M  «  X  i  a  E 


Partant  des  Equations  aimplifides  de  la  thdcris  de  la  conveovion  (BOUSSINESQ)  t  on  construit  diffdrents 
®  ode  lea  tWorlques  suscoptitlea  d'o'.re  emplcyds  pour  I'dtude  is  cert  tinea  dea  particularise  des  phdno- 
e  tries  dua  A  1*  action  dynamique  du  relief  dans  une  atmcsphdr-  barocline  en  dehors  de  tout  effet  de  ooucheit 
Unites,  Cental:. 1  result ate  dea  oaloula  aont  exposes  j  en  oorticulisr  an  thdorie  non  liSaire,  Iob 
calculs  aoatrent  qu'ii  s'  5 1  obi  it  en  aval  des  obstacles,  un  rdginse  de  rotors  (lignea  de  courant  i'amAes) 
qui  conduit  dans  bien  dee  o&s  »  une  configuration  analogue  k  cell©  da  1* slide  tourbillonnaire  d« 
von  KAKMAN,  Co  rdgJjae  de  rotors  s  -.ant  caractlrisd  par  une  forte  turbulence  est  reepocsable  dana  une 
grande  meaure  du  phfooofcna  de  turbulence  en  ciel  clair. 


3  P  K  X  A  R  Y 

AERO  (HYDRO  )DYHAKiC  MODEL  FOR  CALCULATING 
RELIEF  WAVES 

3«sed  cn  the  simplified  equations  of  the  convection  theory  (HOUSSINESQ) ,  various  theoretical 
models  are  built  that  may  be  used  for  studying  some  peculiarities  of  the  phenomena  due  to 
the  dynamic  action  of  the  relief  in  a  barocline  atmosphere,  any  boundary  layer  effect  being 
ignored.  Some  results  of  the  calculation  are  presented  :  in  particular  in  non-linear  theory, 
the  calculations  show  that  dovstream  of  obstacles  a  vortex  regime  (closed  streamlines)  is 
established,  which  leads  in  many  cases  to  a  configuration  similar  to  that  of  the  von  KARMA:, 
vortex  street.  This  vortex  regime,  characterized  by  a  strong  turbulence,  is  resporsit.,.,  f 

«  ya  l  pm*  v.  t  iv<  v.HC  aai  iWaCnwo  p  .t» 


L'ofcjot  ie  cetts  itude  «bt  de  :  Mitrer  cotan  at  l'oo  peut..  k  partir  das  equation*  dj  la  Moanlm**  4a* 
Fluidae,  construire  dee  models*  math<feiatiquee  refWtant,  pour  dee  oonddtiars  tux  liwiiaa  ad4q  .atss, 
lea  prtncipaleo  psrticularitda  dee  ph^n«An»e  d'ondea  dun  a  1' action  d’un  obstacx#  Xnaa  ua  4oculs— nt 
stratifi^. 

L'4coulwm*nt  «i?ii.cnnsi rs  st  Is  fluids  non  rlsqueux  noun  new'  inter** seron*  unique— nt  k  1' etude 

de  1'aef  u.’,TMuniqu»  de  l'obstaole  aur  1' dcoulement  en  dehors  de  tout  effet  de  oouohee  liadtea.  On 
expose  tout  d'abord  une  methods  effective  de  calcul  de  refoulement  plan  non  liafvlre  au-deesus  et  ea 
aval  d'un  obstacle  placd  dans  un  canal  de  bauteur  5.  Snauite,  on  dtudie  1' action  drjaslqu*  d'un  obsta¬ 
cle  (relief),  dans  l'eepace  A  trois  dimensions  sur  une  masse  d'air  stratifies,  dans  .■*  cadre  d’una 
thdorie  lindairo,  Certains  rdeultats  ies  caleuls  effoctuda  oont  exposes  A  la  fin  ds  ectte  etude. 

On  trourera  une  synthase  dee  de-raloppemsnta  thdoriques  sur  lea  ondes  de  relief  dons  lee  Xl-iree  de 
J.V.  MILES  [l],  i,  QUENEY  et  al.  [2J,  I.A.  KIBEL  [?]  ainsl  qua  dans  notrs  Etude  [4]  f  an  pourre  ensmi 
consulter  le  Ydmoire  [5]  consscrd  k  la  provision  k  1' Ache lie  locale.  Enfin,  on  trouvsi*  une  abundant* 
documentation  sur  les  problbmen  de  l'dcoulement  des  fluides  stratifies  (principals— nt  celle  conceraant 
les  6tudes  falter;  en  IMon  Swridtiqus)  dans  notrs  coura  de  lrEocle  de  la  Meteorology*  de  PARIS  [6J. 


GESERAUiES 


Lea  pndncoAnes  de  frottement  et  d'dohan^es  do  chaleur  aont  n4glig4e.  aals  la  force  rd  partis  agijusant 
sur  le  fluj.de  et  prove nant  de  I'acticu  de  la  peaantsur  d' intensity  CL  eat  prise  en  oorpta.  Le  rserteur 
urdtaire  R  dtant  vertical  ascendant  et  le  fluids  incompressible*  m&a  stratifie,  Isa  equations  du 
mouvament  quand  on  neglige  la  force  ds  CORIOLIS  s'darivant,  pour  un  eooule— nt  statlonneire 
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on  aatisfait  l1 Equation  de  oontinultC  en  poeant 


(2) 


V  V-  V'K  A  r 


lee  deux  fonotiona  de  oourant  Hr  et  %  oonatituant  la  (4n4re Ideation  de  la  fonotion  de  oourent 
plan  de  STOKES. 


Alore 


7  7f  “  o  f  ~  *0 


et  V’tne  dee  integral—  de  1' equation  du  rowwant  eat  1' equation  de  BE8MCCLLX 


(3) 


lee  fonctions  ^  (^j  X)  •*  ^  etsnt  oonssrratlr*  la  long  de  oheque  lien*  ds 


oourent. 


*  Lee  equations  (1)  peuvent  Itre  interpr<t4ee  nc—i  les  equations  d'un  —wt— apt  ^mTfprttslbls  pour 
1  equal  Vv  -  0  sals  cts  1  1  •  1  nonspre— Iblllte  du  sour— ir.t  etant  uns  oo—equenos  das 
proprietea  nine— tlquss  du  sours—  ut  et  non  pee  d—  propriet—  physique#  du  fl  de. 


L*s  1«ux  9  y  v-'8fc"»8  •: ’ * 2  •/» : i  ne  -.i  •  30uv«yr:r 


rrr^nt  sou?  is 


:  cvav).-/^ 

I  Cvav)  vx=-^-ft"^  - 


liquation  da  la  paroi  do  1' obstacle  (rellsf)  i  nous  fercns  par  la  suite  deuz  hypotheses  i 


1®  -  las  conditions  aux  limitas  par  rapport  k  2  saront  prises  sous  la  forme  : 


QX  'DM  £ 


<vf  -  0 


y  pour 


r  W/») 


-H-c* 


2®  -  &  ,V  inf  ini  amont,  loin  oe  i' obstacle,  1 ' dcoulemeut  non  perturbd  est  bidimensionnel  (dans  la  plan 
das  i  ,  »)  rt  fonction  uniquaosnt  da  1* altitude  t  nntde  a  l’infini  amont  ;  soit 
xf  -m  la  rltoaae  loin  an  amont  da  1' obstacle,  nous  dcrixons  quo 


U  -  -  U‘=  vJ^-0, 


3C.  ->  -  oo 


Scua  oes  hypotbiaer  on  sbtiant  k  partir  daa  relations  (4)  la  syet&me  d'dquntione 


VA  Cv^ta  VX)-V^^  0 ; 

va  Cv-r^vx)-  7V  -  ijf. 


?-  w) 


U  ajattae  d'dquatioo*  (7)  tfotreliae  au  caa  daa  dooulsoents  triiisaaalomals  1*  Equation,  drranue 
olasslqua  da  LOSS,  obtenue  pour  la  fonctioo  da  oouxant  plan  d'un  tooulaaent  bidiaanaionnal  [7]  .  Hotcsw 
qua  aUXH  dans  l'dtuds  [SJ  a  obtaou  una  gindraliaation  da  l'dquatlcn  da  LCNC  au  oas  tridiaawilonnsl 
aaca  faira  intarranlr  lea  foaotiOM  da  oourant  apatialaa. 

lalntaaant  Si  on  fait  l’tBMtKUaUOP  da  B3JB3nB3Q.  aux  cons  let.  k  nirUgmr  1mm  I'.trAwUm  A»  <?  iVX 
iorequ'aliaa  imerriencent  dans  la  oeleui  da  la  force  d'ArohiaMe,  on  fxrirr*  dnoncer  la  Propoaltion 
suivaate  t  — - 


amrrna  meg  ob  ici  gpc>ujrfiBuu  nggoggumt 

W  =  ?„  «*?  C-  ?  v) 


ft  i'i.'.fi...'  j&y. ,  i-g.Y  BTH&  r»iragsNTHS  sn  •  s 

ft?P^.XlKATl ;  N  PAR  -fi  SQUAT IO.fi  ♦ 

v  T  a  vx)-  -  ° 

(3)  V  A  +  = 


LEE  PBUX  PONCTIOIS  ^  ST  X  2?  ANT  m.S3S  AVEC  LA  VITESSE  DE 
L' ECOULiJEtfl?  PERTUluffi  PAR  U  .uiLATlO.;  (2). 

L'uno  das  conditions  aur  Unites  pour  le  sy3t6ce  (8)  sera 
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pour  — 


0  1^"  - » t  ' 
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et  une  autre 


)  pour 


ECOULEKOT  PLAN 


Dana  ce  cas  le  problAoe  se  ranAne  A  la  recherche  d'une  solution  pour  la  fonctioc  de  oourant  .'fc&'O 
satiafaisant  A  i' Aquation  d'HEXNOOTZ  *  (am  dAcoule  du  systAne  (8)  ec  posant  \lf »  \if  et  f 
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/  -.1 
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et  aui  conditions  aui  iiaitea  t 


,  <***■  \|r+i^o. 


\k,  -*  -  )  *** 


;  uniforoAaant  bcruAe  pour  ^  ^  +  C°  • 


Cen  Aquations  sont  Acritee  soua  f  a  adinenaionnellea  >our  'y  Aj^«  H  !X/H  ‘  'F* 

'Y=  TH  lA'J  ;  v  "  +  "fyT  v  WS*  ; 

^  m  C^j^Tl**  Aquation*  (8)  aont  ofetenueo  A  partir  d»s  Aquation*  (?)  «r>  faiesat  vu 
dereloppaaant  aaymptotique  par  rapport  «u  •'sxeeAtre  jit  -»  H  »i  ait  r*»*li«eant  lea  t«t*M 
d'ordree  aupArleura. 

■  ~^t>  —  par  la  i-elation  ^ 

Y^H  w3 


La  pa  ranw.it  re 


eat  1 16  eu  noabre  da  MtATIjE  i  IP. 


par  la  .-elation 


M.4 


j\  w 


une  dquatlon  aux  dirivise  partiellsa  que  l'on  dcrit  sous  feme  de  divergence  j  oetts  Equation  4taat 
rfooluc  aveo  das  conditions  aux  Unites  kasiogiines  4crltos  an  £  »  0  at  S  »  1.  Four  rdecudre  oa 
nouveau  problems  pour  la  fonction  on  applique  la  mdthrxie  das  relatione  intdgralee  do 

DtBDDNTTSTH  [9]  j  un  critbre  relativemaat  simple  permet  ensuits  de  filtrer  aveo  une  bonne  exactitude 
lea  solutions  parasitae  du  problems  provenant  da  la  transformation  des  conditions  asymptotiquee  an  | 
(pour  -  bo  at  +  o°  )  an  conditions  aux  liaites  classiques  an  daux  pointa  (an  at  ^ ,  sa  trcuvant 
respect  ivesaent  suffisament  loin  an  amont  at  an  aval  de  jl*  obstacle)  [  to].  La  mdthodo  de  caloul  41aLor4e 
pemat  alors  d'obtenir  pour  un  profil  plan  donnd  arbitraire  la  configuration  is  l1  dooulwnent  dans  la 
canal  da  hauteur  H  au-dessus  at  an  aval  de  1*  obstacle  an  fonction  du  parsa&tr®  , 

Certains  rdsultats  des  calculs  affectuds  sont  exposes  but  les  figures  1  -  3.  la  figure  ?  nous  donna 
l'dcoulemsnt  eu-vlessus  et  en  aval  d'un  obstacle  Isold  type,  caleuld  thdoriqueaent  pour  f&  “25  t 
on  obtient  coma  on  la  voit  an  aval  d  -»  cat  obstacle  un  regime  da  rotors  pendant  lequel  dee  remous 
tourbiilonnalros  sont  laohds  pdrlodiqucment  par  la  nr4te  de  1'  obstacle,  ce  qui  conduit  k  una  configu¬ 
ration  analogue  k  cells  da  l'aDda  tourbillonnaire  de  von  SAfSUK.  La  figure  2  represents  l’dooulamnt 
*n  aval  d'un  obstacle  ssymdtrique  j  nous  yvona  nis  an  rapport  1»  rdsultat  obtanu  par  nous  mftse  b) 
aveo  celui  da  LOIS  '  obtanu  analytiquaswnt  en  [?].  Ob  voit  but  cet  sxemple  que  ddjk  la  module  aveo 
un  a&tl  niveau  intemddiaire  (pendant  le  c&lcul  salon  la  mdthode  des  relations  intdgrales)  donna  una 
approximation  satisfaisanta  da  la  solution  smote  de  LQNU  obtenus  h  partir  d’una  solution  lindaire 
dcrite  pour  un  autre  obstacle  (qui,lui,  ast  ayndtrique  et  n’a  rlen  da  ccnraun  aveo  I’obotaole  de  la 
figure  2). 

Sufic,  sur  les  figures  5  nous  a  vans  reprdsantd  la  calcul  a)  b)  c)  des  andas  de  relief  se  foment 
au-deoeua  da  la  3IEREA-HEV1M  pour  diffdreotes  valours  du  paramdtre  at  ausai,  ari  vua  da  les 
oasporar  aveo  dee  doouleaants  rials,  das  icouleoents  d)  et  a)  oonstruit  &  partir  des  aonndee  d1  obser¬ 
vations  [ll].  On  remarquera  que  les  7aleurs  de  $  dans  les  icoulsaents  correspondants  sont  diffdrenta  ; 
cola  eat  dfl,  en  partis  aux  diffdrenoea  de  profil  de  vltesse  h  1' inf ini  amont  et  aussi  an  fait  que  nos 
modeles  thdoriqoes  dill mi  tent  l'dooulemnnt  par  une  surface  plane  solide. 


Pour  rdsoudres  ne  problem*  [4]  on  lntrodult  la  nouvallc  variable 
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at  on  obtient  &  partir  de  1' Equation  (9),  pour  la  fonction 


SCOUISEOTS  TRIDIMStGIOKNKIS  LxKSilEES 


Come  la  oontrent  les  calculs  precedent  a,  la  description  das  oodeo  de  relief  engendrdee  par  das  ohatnan 
da  aontagnaa  telles  que  la  SIESRA-NEVAD1  peut-itre  faite  d’une  manidre  satisfadsante  par  un  module 
b4  diaa'jslonnel.  Cepeniant  oes  modele3  deviennent  ins uff is  suits  si  l'on  veut  dtudier  les  ondas  da  relief 
erddot.  par  daa  mout agues  Isoldes  ;  dans  ce  cas  le  facteur  predominant  qui  intsrviant  dans  un  module 
trldiaaneionnel  eat  dfl  au  fait  que  le  fluide  a  la  possibility  da  oontoumer  et  non  plus  uniqueoent  da 
franohir  1-  nontagne,  cette  possibility  de  oontournement  dtant  dans  certains  cas  plus  oignifloativa. 

La  aystdme  (8)  eat  non  lipdaire,  pour  liaiaxiser  oa  systdme  introduisons  les  perturbations  das  fonctions 
de  oourant  t  '  at  .  oemarquona  tout  d'abord  qu'd  1'infini  amont  nous  n*  evens  qua 

(«)  \  -  VboX 

la  aouremeut  non  parturbi  &  l'inflni  amont  ayan^  una  viteasa 

V^;  * 

Lono  nous  dertvoas, 

vt„)  ^  +  >  X 


II  ns  roe  to  plus  qu'k  lini&rlMr  1m  equations  (8)  (  4m  deux  equations  cbtenuss,  UnfairM  «n  \|f  *t 
on  oonstruit  faoilensnt  use  Mule  Equation  pour  s^r*  rt  la  relation 


(14) 


vr'=-IV^'-V^ 


qul  daooule  da  (2),  aprba  linearisation,  nous  donna  uno  Equation  pour  (a)  —  ^Asf  <*  cv°  .  „ 
ritesss  ooiistants  oaraotdriotlque  pour  not!*  6couliueni  t  oatte  Equation  e'dorlt  sous  la  f«OM  [4j  t 


UH 


/  /  f 

no  fois  qua  l'on  a  oalouie  W  ,  c'ast— a~dtre  ‘W  11  eet  facile  da  determiner  'V^T  pula  ~)C  , 

In  suppocant  hah1  ooemo  4  taut  petit  (thlorle  lin4aire)  on  derit  las  conditions  aux  LUeltes,  assooi<M( 
i  1* equation  ( 1 5) »  sous  la  forns  t  ^ 

Tr  V  • 

•=  Uo.  — -  -v-  vv*  J 


llfi  a) 


f  > 

s*  *  > 


uO 


TlVj 


|  "T  «s.  1  1  W  — Oj 

!  '  to_T>w»'»m ,,^a>  -o. 

V.  v  _  e**  *t  ^  queloonque  w  ^ 

■  rapport  it  ^  ,  lea  conditions  aux  limit au  sKt/nx  prieas  da  tells  fa$on  qua  oertaines  conditions 
convergence  Solent  satiafaltas)  par  exenple  si  on  represents  la  solution  sous  1c  forma  d'una  inte- 
ile  da  FCXJRRIKH 


w  (x.as )  =  j  w«,’; )  ^ 

™  on  dem  a  prendre  que 

b)  |iq|  ->  &o  ;  0  - 

s  la  oas  Is  plus  gen4ral  Iss  solutions  de  1' equation  (15)  arec  las  conditions  aux  Unites  (16  a)  sont 
Jtiofc  du  parwsbtre  &  6t  ess  deux  paramltree  [4]  t 


<*V 


(17) 


1  ^  ^  .  <9  A  JG**  X^a 


oil 


c^(5)=tC\/uf+v^  , 


\4 


1  r 
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teas  an  oss  simple,  quart  ■*=  at  ^V>  ■  0  on  dcrlt  use  solution  explicits  facile  4  nettre 

ca  oeuvre,  II  eet  prtSfSrabln  d'appllquar  tout  abort  oette  solution  pour  un  obstacle  sinple,  pule  an  lee 
BOBbirumt  d'uns  seniors  judideuse  (rappelno*  qua  nous  traitone  id  un  probl&ae  Uadslra)  obtanir  la 
solution  plus  gindrale  pour  un  relief  plus  oceplexe.  Sous  expoeose  id  oertain?  oaleula,  effect-ads 
derslfcrement  per  M.  TROCHU*,  qui  aval.  pour  but  de  calouler  le  cheap  des  viteasee  vertic&les,  dans  das 
plans  TJ  m  oooet,  au  desaua  du  Bessie  d'iRCACHtH  et  da  la  rtgion  du  CAHTA1  (lUSSir  CBRTEAl). 

Pour  le  palcul  des  sonea  de  precipitations  (qui  sent,  an  general,  an  bonne  correlation  aveo  lea  sores 
oil  Vf'  "y  0)  gu-dessus  du  Baesin  d'ARCiCHOH,  figures  4-6.  nous  evens  reprdsentd  la  oSt#  sous  forme 
d'uns  soobm  algAbriqua  de  relief  ainpls  type  en  paraboloids  de  revolution  %  notons  qua  la  oftte,  qd 
sdper*  la  msr  de  la  terro.  Joue  la  rClo  d'un  obstacle  du  fait  de  la  difference  de  rugosity  de  la  terre 
par  rappert  1  o*i^»  de  la  ear  (oela  oat  ‘quivaient  A  I'iniioduotioc  d'obetaci*  ayaut  'Jim  hauteur  fictive, 
lide  mxt  effete  de  couches  Unites).  Una  foia  la  oftte  rsprtsentde  par  une  telle  sooaie,  nous  avcim  oalculd 
l'influaao*  de  cheque  paraboloids  en  ohaqu*  point  du  Baas in  d'AKCACHOfl  et  avons  fait  la  Bccme  de  oss 
influence*  |  oe  ealoul  a  fait  pout  5b  aoyea  *  o  poeitif  et  qdgatif  (en  fonation  do  la  stratifi¬ 
cation  da  Basse  d'air  1  I'infiai  eaont),  oais  pour  une  alma  direction  du  vent  de  base  (pt^.  JacyeiPoc  -  240° 
(voir  la*  figures  4  et  5)  1  sur  la  figure  6  on  a  ds  en  dvidesce  1' influence  da  la  direction  du  vent  de 
bees  sur  la  rd partition  des  nonet,  jluvieus*®  (  oi.  «  270°  et  ^  >0). 

Sene  le  oaa  du  oaloul  sur  le  CAlflAL  (figure  7)  le  relief  de  la  rtgion  a  dtd  reprtsentd  au  moyen  de 
relief  simple  svoc  des  hauteurs  st  des  dteaduae  variables,  ds  telle  ’if on  qua  la  nature  du  relief  sur 
eette  rtgion  soit  roprdeontde  Is  aieui  possible  }  une  analyse  fine  arsis  ds  oonetatsr  qua  oes  oaloule 

refldtslent  a' une  aanlfcre  satisf&isante  la  ndsoetructure  des  prtc:  ations  sur  oette  region. 


OCHCLDSJOH 


S'une  manifcre  gdndrale  lea  rdsultata  obtsnus  sont  encouregeants  et  oontrent  qua  lea  modules  hydredynaadques 
qui  sont  A  laur  base  sont,  dans  beaux oup  de  oats,  valablee  du  point  de  vue  physique  j  en  particulier,  <xn 
reete  oonvalncw  de  la  valeur  physique  dee  cades  trsauversalee  au  ocurant  de  base  (voir  figures  4  st  7) 
mists  en  dvidenoe  quad  *6  >  0  eolt  dans  le  oaa  arso  orographic,  soit  dans  le  oas  du  littoral  par  1' in¬ 
troduction  d'uns  oonvection  artifidelle  due  au  contrasts  de  rugoaitd,  Quad  0,  le  faoteur  relief 
Saul  pert  de  eon  istdrts  dens  le  oss  de  1' instability  vis-A-vis  des  fact  aura  thandques  qui  oondltionnent 
alore  l'smpleur  de  la  oonvection. 

Rnfin,  notons  qua,  en  adopted,  id,  dAs  le  ddpart  un  point  de  vue  eases  gdndral,  nous  avons  la  possibi¬ 
lity  d' unifier  dene  un  asul  et  mfcae  i’oraaliaaa  la  plupert  des  sao  particuliero  qui  peuvent  s«  present er 
dane  l<s  problAeee  d'ondea  de  gravity  internee. 
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ABSTRACT 


Shear  flows  generated  by  movement  of  tha  atmosphere  naar  the  earth's  surface  are  accompanied 
by  coeplezltlea  not  ordinarily  encountered  in  the  treatment  of  turbulent  boundary  layers.  Prob¬ 
lems  arising  from  tha  following  physical  faaturea  are  considered: 

1.  Thermal  stratification 

2.  Surface  roughness  in  the  font  of  forests  and  cities 

3.  Non-uniformity  of  surface  roughness  and/or  temperature  (leading  to  3-d loan atonal 
turbulent  boundary  layers) 

4.  Surface  Irregularities  in  the  form  of  hilly  and  mountainous  topography 

The  complex  nature  of  atmospheric  shear  flows  has  stimulated  efforts  to  atudy  their  charac¬ 
teristics  In  the  laboratory  under  controlled  conditions.  Accordingly,  questions  of  similarity 
between  the  laboratory  and  the  atmospheric  flows  for  both  mean  and  turbulent  quantities  arise. 
Similarity  criteria,  or  appropriate  scaling  relationships,  are  discussed. 

Hind  tunnels  designed  for  Investigations  related  to  atmospheric  shear  flows  are  described. 
These  facilities  are  shown  to  have  a  capability  for  simulating  such  flows  for  a  wide  range  of  the 
physical  features  listed  above. 
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PROBLEMS  OF  ATMOSPHERIC  SHEAR  FLOWS  AND  THEIR  LABORATORY  SIMULATION 

by 

J.  t.  Ceratk*  and  S.  P.  S.  Arya* 

I.  INTRODUCTION 


Shear  flows  generated  by  the  atmospheric  flow  near  the  earth's  surface  are  accompanied  by  com¬ 
plexities  not  ordinarily  encountered  in  turbulent  boundary  layers  that  have  been  studied  in  great 
detail  by  aeiodynamists.  The  atmospheric  boundary  layer  does  not  have  a  well-defined  outer  edge 
separating  the  laminar  and  turbulent  flows  in  the  ordinary  sense  of  a  flat-plate  boundary  layer. 

The  horizontal  and  vertical  accelerations  of  the  flow  are  caused  by  forces  developed  through  simul- 
tai.-ous  action  of  surface  friction,  buoyancy,  earth's  rotation  and  pressure  variations. 

We  will  limit  ourselves  to  the  lowest  layer  of  the  atmosphere  --  the  surface  layer  --  in  which 
Coriolis  effects  usually  can  be  neglected.  Problems  arising  from  the  following  features  are  con¬ 
sidered  in  this  review: 


1.  thermal  stratification 

2.  large  roughness  due  to  forests  and  cities 

3.  non-uniformity  of  surface  roughness  and/or  temperature  leading  to  throe-dimensional 
boundary  layers 

4.  surface  irregularities  in  the  form  of  mountainous  topography 


The  effects  of  these  features  on  atmospheric  shear  flows  have  not  been  amenable  to  theoretical 
treatment  in  a  satisfactory  way.  Much  time  and  effort  has  been  expended  in  expensive  field  studies; 
however,  considerable  savings  car.  be  achieved  through  laboratory  simulation  of  such  flows.  Several 
feasibility  studies*’2'^  have  been  conducted  in  recent  yeurs  which  conclude  that  many  of  the  char¬ 
acteristics  of  the  surface  layer  can  be  closely  simulated  by  wind-tunnel  flows.  These  studies  have 
also  brought  out  the  similitude  criteria  and  appropriate  scaling  relationships. 


Atmospheric  modeling  is  important  not  only  from  the  point  of  view  of  its  applications  in  pre¬ 
dicting  wind  loads  on  structures,  diffusion  of  heat  and  mass  for  various  environmental  situations, 
etc.,  but  also  for  attainment  of  a  basic  understanding  of  atmospheric  snear  flows.  Once  a  partic¬ 
ular  flow  type  has  been  simulated,  the  flow  conditions  in  the  laboratory  can  be  systematically 
varied  and  precise  measurements  can  be  made  under  controlled  conditions  for  checking  existing  the¬ 
oretical  models  and  developing  new  ones.  Specially  designed  wind  tunnels  capable  of  generating 
thick  and  well-developed  turbulent  boundary  layers  are  required  for  this  purpose.  Some  of  the 
existing  facilities  are  described  and  some  recommendations  are  made  for  improved  designs. 


2.  STUDIES  OF  ATMOSPHERIC-SHEAR- FLOW  PROBLEMS 


Much  work  has  been  done  by  meteorologists  and  fluid  dynamists  in  an  effort  to  better  understand 
flow  phenomena  in  the  atmospheric  surface  layer.  A  comprehensive  review  is  given  elsewhere4. $  .  In 
this  section  we  will  discuss  some  of  the  problems  of  current  interest  and  the  progress  that  has  been 
made  toward  understanding  them.  Mean  flow  in  the  atmospheric  surface  layer  has  been  treated  as  a 
two-dimensional  motion  by  most  investigators;  however,  in  Sec.  2.4  tne  need  for  considering  three- 
dimensional  motion  is  discussed. 

2.1  Thermal  Stratification 

The  temperature  inhomogeneities  in  the  atmosphere  give  rise  to  buoyancy  forcos  which  greatly 
affect  the  mean  flow  and  turbulence  structure.  On  rather  rare  occasions  of  neutral  stability  and 
on  plane  and  homogeneous  terrain  the  mean  velocity  distribution  in  the  surfaco  layer  is  well  repre¬ 
sented  by  the  logarithmic  law  of  the  form 


U 


(1) 


in  which  U  is  the  velocity  at  height  z,  u.  the  friction  velocity,  z  the  roughness  parameter 
and  k  is  Mrmtn's  constant.  The  effect  of  buoyancy  has  be<  n  observed  to  increase  the  profile 
curvature  in  case  of  unstable  stratification  and  to  decrease  it  in  stable  conditions.  This  is  re¬ 
flected  in  the  value  of  I  in  the  following  empirical  pcwer-law  relationship  first  proposed  by 
Deacon6 . 


u  *  kim 


(21 


The  value  of  C  has  been  observed  to  vary  with  stability  and  also  with  height,  which  s-xmrwhat 
limits  the  usefulness  of  Eq.  (2).  Several  theoretical  models  based  on  mixing  length  concepts  have 
been  proposed  for  the  thermally  stratified  surface  layer  from  which  theoretical  mean  velocity  and 
temperature  profiles  have  been  derived' •*.  But,  most  atmospheric  data  to  date  heve  been  more  con¬ 
veniently  represented  by  the  similarity  theory  of  Monin  and  Obukhov^.*. 

The  basic  assumptions  of  the  similarity  theory  ere  that  the  flow  is  plane-homogeneous,  th  * 
vertical  fluxes  remain  constant  with  height  end  that  the  only  pertinent  variables  are  height  z, 
the  density  the  well  sheer  stress  t0  the  wall  heat  flux  Hq  and  the  stability  parameter 

1/V 

•Fluid  Mechanics  Frogran,  College  of  tngineering,  Coloiedo  State  University,  Port  Collins,  Colorado 
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Then,  the  velocity,  temperature  and  length  scales  are  given  by 


U,  *  Oo/pK 

(3) 

T*  -  -  Ho/(pCpku*) 

(*) 

H 

b.-uf/(kf^) 

(5) 

Hies '  lord  to  the  following  similarity  relationships  for  mean  velocity  and  temperature  distributions 

ki  SU 
U„  0  2 


il 

32 


♦uO/L) 

(6) 

♦tO/L) 

(7) 

in  which  $u  and  e  are  universal  functions  of  z/L,  For  small  departures  from  neutral  conditions 
the  relation 


♦u  “  1  ♦  6U(Z/L) 


(8) 


has  been  proposed9  which  leads  to  the  logarithmic-linear  iaw  of  the  velocity  distribution.  Experi¬ 
ments1®'11***  indicate  that  for  stable  stratification,  "  :  10,  and  the  range  of  applicability  of 
the  log-linear  law  is  fairly  wide  (0  <  z/L  <  0.S).  In  ufts.'ble  stratification,  g  :  1.5  and  the 
range  of  applicability  of  the  log-linear  law  is  very  narrow*, 11  (-z/L  <  0.05).  Thewso-called  KEYPS 
relationship  is  found  to  give  a  better  fit  to  the  observed  data.  This  is  given  by 


.  11  «  i 

L  u 


(9) 


in  which  y  is  an  empirical  constant.  For  extremely  unstable  conditions,  i.e.,  as  i/L  -*  , 
the  tiow  regime  approaches  that  of  free  convection  and  t  e  mean  temperature  and  velocity  profiles 
are  defined  by* 

Li  1/1  1/1 

3T 

3z  * 


3U 

32 


o  a  -4/3 

‘nr’  ‘0  *  ' 

P  * 

(10) 

8^  _4/r 

•5  <rx->  ■  '• 

a  P 

(11) 

in  which  C  is  an  empirical  constant,  and  and  art-  eddy  diffusivities  of  heat  and  momen- 
tuH.  The  ratio  Kjj/K^  has  been  observed  to  be  close  to  unity  in  the  near-neutraz  conditions,  but 
it  decreases  in  more  stable  and  increases  in  mare  unstable  stratifications.  Values  close  to  zero 
for  extremely  stable  situations  and  up  to  5  for  free  convection  regime  have  been  observed*.  The 
often-made  assumption  that  K^.  »  1^  is  very  poor  except  in  near-neuUal  conditions. 

In  its  present  form.  Monin  and  Obukhov’s  similarity  hypothesis  has  been  applied5  to  many  sta¬ 
tistical  characteristics  of  turbulence  such  as  variances  and  spectra  of  velocity  and  temperature 
fluctuations,  co-spectra  of  shear  stress  and  heat  flux,  energy  dissipation,  etc.  Detailed  measure¬ 
ments  of  atmospneric  turbulence  in  the  last  few  years -S.1*. 15  show  that  the  variance  and  spectra  of 
vertical  velocity  and  co-spectra  of  shear  stress  and  heat  flux  obey  the  similarity  theory.  But, 
variances  and  spectra  cf  longitudinal  velocity  and  temperature  fluctuations  non-dimensional i zed  by 
the  similarity  theory  spates  show  a  definite  height  dependency.  The  same  was  observed  by  Arya  and 
Plate*2  In  wind  tunnel  measurements.  These  limitations  of  the  similarity  theory  have  been  discussed 
in  much  detail  by  Calder1^. 

17  18 

Ct.  •  theoretical  models  for  thermally  stratified  fluids  have  been  proposed  ’  ,  these  are 

based  on  dynamical  equations  in  which  diffusion  and  transport  terms  have  been  neglected.  Though 
very  useful  in  giving  further  insight  into  the  turbulent  transfer  process,  these  theories  are  based 
on  assumptions  and  hypotheses  of  doubtful  validity  which  are  not  fully  supported  by  experimental 


2.  ?  Urge  Roughness 

In  the  preceding  section,  the  surface  layer  is  assumed  to  be  affected  by  only  small  su  -ce 
irregularities.  For  the  flow  aver  tall  crops,  forests,  urban  areas,  otc.,  this  is  no  longer  true. 
But,  the  simple  model  of  the  previous  section  can  still  be  applied  to  flow  above  the  roughness 
elements  with  slight  modifications.  The  modified  wind  profile  under  neutral  conditions  is  given 
for  z  >  h  , 

u  .  fa  (£i)  -  ~  fn  f  02) 

0  0 
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where  h  is  the  height,  of  the  surface  irregularities  and  d  is  the  zero-plane  displacement.  All 
other  equations  of  section  2.2  *ould  be  applicable  if  z  is  replaced  by  »'  .  Equation  (12)  has 
beer;  verified  for  atmospheric  f.ows  over  tall  crops20  and  forest  canopies.  The  same  is  found  true 
for  wind-tunnel  boundary  layer  flow!  over  model  crops2*  and  model  forests22. 

Sometimes,  the  flow  in  and  around  roughness  elements  is  of  main  interest  e.g.,  in  air  pollu¬ 
tion  studies  and  in  determining  tie  aerodynamical  loading  of  individual  buildings  within  a  city. 

Here,  size,  shape  and  mutual  arrangement  of  roughness  elements  will  greatly  affect  the  flew  charac¬ 
teristics.  tapirical  similarity  relationships  have  been  found  to  correlate  the  mean  wind  profiles 
fairly  well  in  city  complexes  --  a  dependency  on  height  U  a  z0-*  has  been  found  to  represent 
both  field  and  laboratory  data2*. 

2 . 3  Non-uniformity  of  Surface  Conditions 

iv e  have  so  far  assumed  thet  the  ground  surface  is  uniform  as  to  its  roughness  and  temperature 
end  that  the  flow  has  attained  a  state  of  equilibria  with  respect  to  these  surface  conditions.  In 
reality,  such  an  equilibrium  is  rarely  reached  and  mean  wind  and  temperature  profiles  are  in  some 
state  of  transition  from  one  surface  condition  to  another  most  of  the  time.  Whenever  there  is  a 
change  in  surface  conditions,  the  wind  and  temperature  profiles  reflect  the  effect  of  local  surface 
only  up  to  a  certain  height  above  which  the  profiles  remain  unaltered  and  are  representative  of 
surface  conditions  upstream  from  the  change.  For  analytical  convenience  an  internal  boundary  layer 
is  assumed  to  develop  from  the  edg6  of  the  surface  discontinuity.  In  an  actual  situation,  several 
such  internal  boundary  layers  may  be  developing  at  the  same  time  and  divide  the  flow  into  different 
zones  each  representative  of  an  upstream  surface  condition. 

Several  theories  have  been  proposed  for  predicting  modified  wind  profiles  following  a  sudden 
change  in  surface  roughm ^$23,25,26,27.  An  internal  boundary  layer  has  been  defined  in  various 
ways  and  the  pressure  changes  occurring  in  the  neighborhood  of  the  surface  discontinuity  have  been 
ignored.  There  is  no  agreement  on  the  aaxixua  height  to  fetch  ratio  for  which  upstream  discontin¬ 
uities  no  longer  have  appreciable  affect  on  the  local  flow  characteristics  --  values  ranging  from 
1/200  to  1/10  have  been  indicated.  However,  differences  in  the  predicted  wind  profiles  by  various 
theories  are  net  large.  Only  limited  observations  of  profile  adjustment  have  been  mads  in  the 
atmosphere23, 29 ,  These  experiments  indicate  that  surface  shear  adjustment  occurs  rather  rapidly 
following  the  change  in  surface  roughness.  Velocity  profiles  are  found  to  agree  well  with  the 
theory  of  Fanofsky  and  Townsend23  when  the  flow  is  from  smooth  to  rough,  but  not  so  well  in  the 
opposite  case.  The  observed  height  to  fetch  ratio  of  1/200  is  much  different  from  their  predicted 
value  of  the  order  of  1/10.  But  a  much  closer  agreement  is  obtained  if  the  proposed  modification 
to  this  theory  by  Blom  and  Warteena30  is  considered. 

Townsend31  has  investigated  theoretically  the  change  in  mean  velocity  and  temperature  profiles 
following  a  step  change  in  surface  heat  flux  and  a  line  source  of  heat  at  the  ground  level.  The 
effects  of  the  thermal  stratification  are  also  considered.  The  results  are  shown  to  compare  well 
with  the  observations  of  Rider  et  al. 32.  Only  a  few  profile  adjustment  experiments  have  been  per¬ 
formed  in  wind  tunnels. 

When  air  moves  from  land  surface  to  a  body  of  water  or  vice-versa,  disbatic  effects  are  in¬ 
volved  following  changes  in  temperature  and  moisture.  Wind  profile  adjustments  differ  greatly  under 
lapse  as  opposed  to  inversion  conditions27.  More  experimental  and  theoretical  work  is  required  if 
such  effects  are  to  be  predicted  accurately. 

2.4  Three-Dimensionality  of  the  Mean  Flow 

In  nature,  non-uniformities  of  surface  conditions  lateral  to  the  dominant  mean  flow  direction 
are  as  common  as  changes  in  the  longitudinal  direction.  Air  flow  over  alternate  strips  of  cultivated 
and  uncultivated  lands,  along  the  edges  of  a  forest  or  a  city,  parallel  to  -he  shore  line  and  over 
an  isolated  hill  are  examples  where  the  changes  In  surface  toughness,  temperature  or  elevation 
introduce  cross  flows-  Some  studies3*  have  recently  been  made  on  three-dimensional  turbulent  bound¬ 
ary  layers  of  aerodynamic  type.  Currently,  an  extensive  experimental  program  is  underway  at  Colo¬ 
rado  State  University  to  study  three-dimensional  effects  which  would  be  sore  relevant  to  environ¬ 
mental  problems,  such  as  area  changes  of  surface  roughness  or  temperature  and  sountain-like  surface 
irregularities.  Specially  designed  meteorological  wind  tunnels  shown  in  Fig.  1  having  large  cross  ' 
sections  and  long  test  sections  are  suitable  for  such  studies. 

The  presence  of  a  roughness  patch  or  island  in  the  way  of  an  otherwise  two-dimensional  boundary 
layer  flow  causes  a  general  retardation  of  the  flow  over  the  island.  This  produces  strong  edge 
effects  which  give  rise  to  new  shearing  stresses  and  longitudinal  vorticity.  Such  effects  are 
likely  to  persist  fai  downstream  of  the  roughness  until  a  now  equilibrium  is  established.  Hie  study 
of  flow  over  a  hemisphere  by  Hawthorne  and  Martin33  reveals  the  existence  of  longitudinal  vorticies. 

Equally  important  phenomenon  in  the  meteorology  of  urban  areas  is  that  of  the  heat  island 
effect.  Interactions  of  a  metropolitan  area  as  a  heat  source  on  wind  patterns  over  and  around  it 
are  very  important  in  air  pollution  problems.  Some  studies  have  been  made30’37  of  flow  of  a  stable 
atmosphere  over  the  heated  islands  of  Puerto  Rico  and  Nantucket  and  simple  numerical  models  have 
been  developed  for  these  cases. 

Of  much  interest  are  the  shear  flows  over  three-dimensional  mountain-like  features.  Theoreti¬ 
cal  treatment  of  such  flows  is  extremely  difficult.  Some  model  experiments  have  been  made,  which 
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will  be  discussed  in  the  next  section.  Very  few  field  studies  of  such  flows  are  available38.  When 
the  wind*  are  light  and  stably  stratified,  aountain  lee-waves  are  observed.  Lee-waves  have  been  the 
subject  of  intensive  theoretical  and  experimental  studies,  an  excellent  review  of  which  is  given  by 
Queney8®  e]t  al^  and  in  the  Procetdings  of  the  Symposium  on  Mountain  Meteorology4  . 

3.  SIMILARITY  ANALYSE  AND  MODELING  CRITERIA 


In  the  preceding  section  »any  interesting  shear-flow  pr  ’ileas  of  the  atmospheric  surface  layer 
have  been  pointed  out  which  resain  far  fros  being  solved,  joae  of  these  can  be  better  studied  on  a 
nailer  scale  in  the  laboratory.  The  feasibility  of  atmospheric  modeling  has  now  been  demonstrated 
for  a  wide  range  of  situations  and  modeling  criteria  based  on  similarity  analysis  have  been  laid 
downl^.  Furthermore,  simulation  in  which  some  of  the  criteria  are  realized  only  in  an  approximate 
sense  have  been  found  to  be  very  useful. 

3.1  Neutral  Boundary  Layer 

The  simplest  type  of  flew  that  is  easily  simulated  by  a  boundary  layer  developing  over  a  rough 
plate  in  the  wind  tunnel  is  that  of  a  neutral  atmosphere  over  plane  and  uniformly  rough  ground.  In 
both  cases  the  velocity  distribution  is  given  by  Eq.  (1).  Provided  that  the  requirements  of  an 
aerodynamical ly  rough  regime  are  satisfied,  wind  speed  and  roughness  can  be  chosen  somewhat  arbi¬ 
trarily.  When  the  roughness  height  is  large  —  air  flow  over  tall  crops  --  the  velocity  distribu¬ 
tion  is  given  by  Eq.  (12).  This  kind  of  flow  has  been  successfully  simulated  by  using  arrays  of 
flexible  plastic  strips  and  wooden  pegs21  Flow  structure  with!''  the  plant  cover  is  highly  complex, 
but  Indications  are  that  the  velocity  profiles  can  be  represented  by  empirical  similarity  relation¬ 
ships  which  hold  both  in  the  field  and  the  laboratory.  Extensive  simulation  studies  of  flow  in 
forest  canopies  have  been  made22**1.  In  addition  to  similarity  of  the  general  character  of  the  mean 
flow  patterns  it  has  been  observed  that  the  turbulent  intensity,  spectra  of  velocity  fluctuations 
and  eddy  diffusion  coefficients  in  the  model  behave  in  a  manner  similar  to  that  of  field.  Some 
comparisons  with  field  data  are  given  in  Figs.  2  and  3.  However,  turning  of  the  mean  velocity 
vector  with  height  due  to  combined  action  of  Coriolis  acceleration  and  pressure  gradient  observed 
in  prototype  studies  is  not  found  in  the  non-rotating  wind  tunnel. 

Simulation  of  two-dimensional  flow  over  a  terrain  representing  one  or  more  step  changes  in 
surface  roughness  poses  no  new  problems  provided  sufficicrt  test-section  length  is  available  to 
scale  down  the  desired  area.  Width  of  the  tunnel  Is  a  limiting  factor  if  three-dimensional  effects 
due  to  lateral  changes  in  roughness  are  to  be  reproduced.  However,  some  exaggeration  of  vertical 
scale  may  be  necessary  to  accommodate  large  city  models  if  the  model  buildings  are  not  to  be  sub¬ 
merged  in  the  tone  of  viscous  flow  near  the  wall.  A  systematic  study  of  how  distortion  of  this 
type  can  produce  flow  characteristics  similar  to  flow  over  a  rough  surface  is  needed. 

Much  progress  in  atmospheric  studies  for  the  purpose  of  investigating  the  aerodynamic  character¬ 
istics  of  building  and  tall  structures  has  been  made.  Much  of  the  work  done  in  this  area  is  re¬ 
ferred  to  in  Ref.  42.  Jenson48  was  first  to  point  out  that  in  order  to  simulate  static  wind  loads 
on  a  structure,  the  model  must  be  entirely  immersed  in  the  wind-tunnel  boundary  layer  and  the 
scaling  must  be  done  so  that  the  ratio  h/z  is  the  same  in  the  model  and  the  proto¬ 
type.  This  was  apparently  ignored  in  earlier  model  studies.  The  effect  of  various  meteorological 
parameters  on  wind  loading  of  structures  has  been  discussed  by  Davenport44. 

3.2  Thermally  Stratified  Boundary  Layers 

Similarity  criteria  for  thermally  stratified  boundary  layers  have  been  discussed  in  great 
detail1*2*8!48.  Batchelor42  was  first  to  point  out  that  under  certain  restrictions,  a  Richardson 
number  is  the  sole  parameter  governing  the  flow.  This  Richardson  number  must  be  chosen  to  repre¬ 
sent  the  gross  features  of  the  velocity  and  temperature  field. 

The  similarity  theory  of  Monin  and  Obukhov5  has  been  shown  to  be  generally  valid  for  the 
stratified  atmospheric  surface  layer.  Thermally  stratified  boundary  layers  have  also  been  studied 
12,19,48,49  in  the  U.  S.  Army  Meteorological  Wind  Tunnel  at  Colorado  State  University;  the  results 
indicate  that  the  similarity  theory  is  siso  valid  for  the  wind-tunnel  flow.  It  has  been  pointed 
out  by  Arya  and  Plate12  that  only  the  lowest  ISA  of  the  total  wind-tunnel  boundary  layer  thickness 
can  be  taken  to  correspond  to  the  surface  layer  of  the  atmosphere.  The  form  of  the  various  normal¬ 
ised  functions  of  similarity  theory  is  found  to  be  the  same  for  the  laboratory  and  the  field  data 
as  shown  in  Figs.  4,  5,  6,  and  7.  This  greatly  enhances  the  credibility  of  the  similarity  theory 
and  at  the  same  time,  indicates  that  the  Monin-Obukhov  length  can  be  used  for  scaling  heights. 
Proceeding  in  a  more  general  manner  using  the  differential  equations  of  motion,  McVehil  et  al8 
also  arrived  at  the  saae  criterion  viz.,  the  ratio  z/L  evaluated  at  some  reference  height  should 
be  made  equal  in  the  model  end  the  field.  It  has  been  pointed  out  that  this  simple  criterion  is 
subject  to  the  condition;:  that  Jie  fractional  changes  in  the  potential  temperature  are  small, 
and  the  ratio  Kj./IC.  is  constant  end  independent  of  both  height  and  stability.  With  regard  to  the 
tiscond  condition’ WSwte  that  similarity  criterion  world  not  change  even  if  varies  as  indeed 

it  does,  stability,  provided  that  it  is  a  unique  function  of  z/L.  Experimental  data  of  Fig. 

6  indicates  that  such  a  unique  function  exists. 

Because  of  the  difficulties  in  measuring  fluxes,  it  is  net  always  possible  to  determine  the 
scaling  length  L  .  A  Richardson  number  defined  in  terms  of  the  gradients  of  mean  velocity  and 
temnerature  it  the  most  conveniently  measured  stability  parameter.  But,  since  it  depends  on  height 
it  cannot  be  used  as  a  modeling  perimeter.  According  to  the  similarity  theory,  however,  Ri  is  a 
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universal  function  of  x/C  --  Fig,  7.  The  use  of  Ri  as  a  stability  parameter  la  equivalent  to 
that  of  z/L  ,  For  scaling  purposes  a  gross  Richardson  nuaber  defined  as  follow*  can  also  be  used: 
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in  which  h  is  the  thickness  of  the  surface  layer  (or  equivalent  layer  in  the  wind  tunnel), 
and  Th  are  the  values  of  velocity  and  temperature  at  the  upper  edge  of  this  layer.  T0  is  the 
surface  temperature  and  T„  is  the  average  temperature  of  the  leyer  in  absolute  scale.  Than, 
equivalence  of  Ri},  for  the  model  and  prototype  flows  will  yield  the  scaling  relationship 
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3.3  Similitude  Criteria  for  Turbulence  Structure 

Turbulence  by  its  definition  is  stochastic  in  nature  and  complete  similarity  of  turbulence 
structure  is  impossible  to  achieve  as  it  would  imply  equivalence  of  all  statistical  functions.  We 
are  often  interested  in  simulating  only  those  properties  of  turbulence  which  are  important  in  trans¬ 
porting  momentum,  heat  and  mass.  In  certain  cases,  simulation  of  turbulent  energy  in  a  particular 
narrow  eddy  range  would  be  required.  For  this,  equivalence  of  normalized  turbulent  intensities  and 
energy  spectra  in  the  prescribed  wave  number  range  may  be  considered  as  sufficient  criteria  for 
simulation.  While  the  turbulent  intensities  are  comparatively  easy  to  match,  matching  of  turbulence 
spectra  requires  thick  boundary  layers  and  high  wind  speeds. 

According  to  Kolmogorov's  hypothesis50  the  structure  of  small  scale  eddies  can  be  considered 
to  be  isotropic  which  leads  to  a  universal  spectrum  form  in  the  high  wave  number  range  -  the  so 
called  equilibrium  range  which  is  further  subdivided  into  a  dissipation  subrange  and  an  inertial 
subrange.  Similarity  of  the  spectrum  in  the  high  wave  lumber  range  is  demonstrated  by  Fig,  &  in 
which  data  are  taken  from  a  variety  of  flows  in  nature  and  the  laboratory.  Kolmogorov's  theory 
gives  the  length  scale,  (v3/e)*  and  velocity  scale,  (v4)*  for  scaling  the  data. 
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When  the  energy  spectra  for  two  flows  are  nearly  similar,  Cermak  has  shown  that  the  length 
scales  (L.)  and  (L.)  for  small  scale  motion  in  the  mod*-'  and  the  prototype  respectively,  are 
related  by0  m  0  p 
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this  criteria  should  be  useful  in  comparing  gross  characteristics  of  phenomena  associated  with 
turbulent  diffusion  such  as  the  width  of  diffusion  plumes.  However,  a  critical  test  of  the  relation¬ 
ship  has  not  been  made. 
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Following  a  different  approach,  McVehil  et  al_  states  that  in  general  the  non-dimensional 
turbulence  intensities  must  be  equal  in  addition  to  the  similarity  requirement  of  cq.  15.  For 
thermally  stratified  flows,  equality  of  non-dimensional  temperature  fluctuations  is  also  required. 
These  authors  have  also  argued  that  their  criterion  is  essentially  the  same  as  stated  earlier  by 
Cermak  provided  the  energy  spectra  are  nearly  similar  for  two  flows. 

The  above  mentioned  criteria  of  similarity  of  turbulence  structure  are  necessary.  Those  are 
sufficient  only  if  the  wind-tunnel  boundary  layer  develops  naturally  and  any  artificial  turbulence 
introduced  is  far  upstream  of  the  region  of  interest.  On  the  other  hand,  if  a  thick  boundary 
layer  having  some  desired  velocity  profile  is  generated  by  artificial  means  over  a  comparatively 
short  length  of  the  tunnel,  additional  criteria  may  arise  from  different  initial  and  boundary  con¬ 
ditions  prevailing  in  the  model  and  prototype  flows. 

For  thermally  stratified  boundary  layers,  the  similarity  theory  of  Monin  and  Obukhov  has  been 
found  to  be  generally  valid  for  many  of  the  turbulence  characteristics^’!***!*  including  spectra 
outsids  of  the  dissipation  range.  Therefore,  this  theory  provides  a  good  basis  for  wind  tunnel 
modeling  of  these  characteristics. 

3.4  Similarity  of  Motion  over  Topographical  Features 

Cermak  et  al*  and  Nemoto51  have  examined  in  detail  the  conditions  for  similarity  of  mean  flow 
patterns  and  turbulence  structure  In  topographical  modeling.  The  non-dimensional  parameters  that 
are  required  to  be  matched  are  the  Euler  number,  the  Froude  or  Richardson  mmfcer  and  the  Reynolds 
nuaber.  Matching  of  the  Euler  nuaber  only  requires  geometrical  similarity  of  gross  wind  directions 
and  the  distribution  of  vortices  and  eddies. 


It  is  not  possible  to  match  the  Reynolds  number  and  the  Froude  number  (or  Richardson  number) 
at  the  same  time  if  the  model  fluid  is  also  air.  The  Froude  number  is  the  governing  parameter  when 
some  special  flow  phenomena  occurring  in  light  winds  and  strong  stratification  such  as  mountain 
lee-waves  are  of  interest.  Different  techniques  have  been  used  for  simulation  of  mountain  lee- 
waves.  Perhaps  the  earliest  experiments  were  performed  by  Abe52,53  who  simulated  in  a  wind  tunnel 
the  cloud  forms  caused  by  Mount  Fujiyama  using  a  geometrically  similar  1:50,000  scale  model.  In 
this  type  of  modeling  Reynolds  number  similarity  is  indicated  if  the  turbulent  Reynolds  number 
based  on  the  eddy  viscosity  is  matched  with  the  ordinary  Reynolds  number  of  the  laminar  flow  in  the 
model.  The  flow  patterns  over  the  model  revealed  by  the  use  of  incense  sac-,  were  found  to  be  in 
good  qualitative  agreement.  Long54  has  simulated  lee-waves  over  Sierra  Neve*,*  Mountain  by  towing 
the  model  in  a  tank  of  stratified  saline  water.  The  main  features  of  mountain  lee-waves  have  also 
been  reproduce  in  a  wind  tunnel55  using  the  flow  of  strongly  stratified  air  under  stable  conditions 
over  model  mountains. 

The  laminar  flow  technique  has  a.ao  been  successfully  used  In  simulation  studies  of  flows  over 
Point  Arguello55,  San  Nicolas  Island57,  and  San  Bruno  Mountain5*5,  in  California.  Simulation  of 
only  gross  mean  flow  patterns  can  be  expected  in  such  models.  A  comparison  of  model  and  prototype 
flows  is  given  in  Fig.  10  for  the  Point  Arguello55  model  study  which  was  accomplished  cn  a  scale  of 
1:12,000  at  a  gross  Richardson  number  of  approximately  0.2.  Figure  11  compares  the  rate  of  decay 
of  ground  level  concentrations  from  an  upwind  source  in  the  model  and  prototype.  In  this  case, 
where  transport  of  the  source  material  is  primarily  due  to  convective  transport,  the  agreement  is 
excellent. 


When  flow  patterns  in  strong  winds  are  of  interest,  i-’roude  number  can  be  ignored.  It  is  not 
possible  to  obtain  in  wind  tunnels,  the  Reynolds  numbers  of  the  order  found  in  the  atmosphere.  If 
the  topographical  features  are  fairly  sharp,  however,  mean  flow  patterns  are  independent  of  the 
Reynolds  number  provided  that  it  exceeds  a  lower  limit  which  will  depend  on  the  sharpness  of  the 
topographical  features.  The  studies  of  winds  around  the  Rock  of  Gilbr alter"0.  Candlestick  Ball 
Park,  Calif. and  the  mountains  near  Manchester,  Vermont55,  are  successful  examples  of  this  kind 
of  modeling.  Better  results  are  obtained  if  the  model  surface  is  artificially  roughened  to  help 


minimize  the  depth  of  the  viscous  zone.  In  the  modeling  of  large  areas  with  comparatively 
topography,  one  may  have  by  necessity  to  exaggerate  the  vertical  scale.  Some  experiments55 
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distorted  scale  models  indicate  that  good  similarity  of  flow  pattern  is  not  obtain'd, particularly 


close  to  the  surface. 


4.  SIMULATION  TECHNIQUES  AND  WIND-TUNNEL  FACILITIES 


In  order  to  satisfy  even  approximately  the  various  criteria  of  similarity  between  atmospheric 
shear  flows  and  simulated  flows  in  wind  tunnels  thick  turbulent  boundary  layers  with  large  turbu¬ 
lence  intensities  are  required.  Various  techniques  which  have  been  employed  to  generate  such  flows 
can  be  divided  into  two  broad  categories,  viz.,  (1)  in  which  turbulent  boundary  layers  are  developed 
naturally  over  a  long  and  artificially  roughened  surface  and  (2)  in  which  thick  turbulent  intensities 
distribution  at  some  section  is  developed  artificially  by  the  use  of  devices  such  as  grids  of  rods 
or  flat  plates,  curved  screens,  vortex  generators,  etc..  The  latter  are  economical  in  that  shorter 
tunnels  can  be  used.  However,  the  turbulence  dissipates  and  its  structure  changes  in  the  downstream 
direction. 
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For  good  similarity,  large  tunnels  of  the  types  built  at  Colorado  State  University  and  at 
the  University  of  Western  Ontario55  are  required.  The  meteorological  wind  tunnel  shown  in  Fig.  1 
is  of  the  recirculating  type  with  a  test  section  approximately  30  m  long  and  1.8  x  1.8  a  in  cro«« 
section.  Part  of  the  floor  can  be  heated  or  cooled  to  any  desired  temperature  between  -5  and  2Uo>-C . 
An  air-conditioning  system  allows  for  the  ambient  air  temperature  to  be  maintained  between  S  end 
65°C.  Ambient  wind  speeds  range  between  0.5  and  40  m/sec.  At  a  wind  speed  of  about  6  m/sec,  a 
boundary- layer  thickness  between  70  and  120  cm/sec  ran  be  obtained  es  the  floor  is  varied. 

An  environmental  wind-tunnel  facility  is  also  shown  in  Fig.  1.  This  facility  has  s  test  section 
of  approximately  17  m  long,  4  m  wide  and  of  variable  height  between  2  and  3  a.  The  wide  section  has 
been  specifically  designed  for  studying  three-dimensional  boundary  layer  flows  and  for  conducting 
model  studies  of  flow  over  urban  areas  relr-ed  to  air  pollution  and  structural  aerodynamic  problems. 

The  university  of  Western  Ontario  tunnel63  has  a  test  section  approximately  26  m  long,  2.6  ■ 
wide  and  variable  in  height  from  1.8  m  at  the  entrance  2.5  m  at  the  end.  A  30  cm  high  grid  of 
horizontal  graded  round  bars  is  used  at  the  entrance  to  ...ip  thicken  the  boundary  layer. 

In  the  second  category  of  wind-tunnel  facilities,  the  test  section  lengths  are  usually  small, 
(characteristic  of  many  t'vonautical  wind  tunnels),  but  devices  are  used  to  produce  artificially 
thickened  turbulent  bounaaries  or,  in  seme  cases,  desired  velocity  end  temperature  gradients.  For 
example,  shear  end  heating  grids  have  been  used  to  generate  turbulent  shear  flows  with  linear  wind 
and  temperature  profiles54.  These  grids  may  not  be  suitable  for  atmospheric  simulation  since  turbu¬ 
lence  levels  cannot  be  adjusted.  Armit55  proposed  e  systom  of  barriers  and  vortex  generators. 

Vortex  iterators  have  been  used  in  conjunction  with  t  grid  of  plates  by  Lloyd55  at  University  of 
Bristol.  By  these  techniques  thick  boundary  layers  are  obtained  in  which  the  velocity  and  turbulent 
intensity  profiles  are  reasonably  non -developing.  However,  the  sheer  stress  changes  rapidly  in  the 
longitudinal  as  well  as  the  vertical  direction.  Recently,  the  effectiveness  of  curved  screens  in 
generating  shear  in  stratified  flows  has  been  demonstrated57.  This  approach  shows  much  promise  for 
extending  fundamental  studies  of  stratified  flows. 
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5.  COKC  US IONS 

Flow  of  the  atmosphere  ovei  the  **r  ui  «  »wj?fsce  is  affected  by  factors  which  ere  not  included 
in  the  treatment  of  classical  two-dimensional  turbulent  boundary  layers.  Major  effects  are  produced 
on  the  low-speed  flows  by  thermal  stratification,  large  surface  roughness  (forests,  cities,  crops), 
non- uniformity  of  surface  'oujhness  and  tesperaturs,  topographical  features,  and  rotation  of  the 
earth.  Excepting  for  the  effects  of  rotation,  */ie  influence  of  these  factors  on  Man  and  fluctu¬ 
ating  quantities  in  the  atmospheric  surface  layer  (approximately  the  lower  15%  of  the  turbulent 
boundary  layer  where  vertical  fluxes  are  sensibly  constant)  have  been  studied  successfully  in  the 
laboratory. 

Comparisons  of  data  taken  fro*  the  atmosphere  and  from  the  laboratory  in  the  "eonstant-strees 
layer"  have  confirmed  that  similarity  of  these  flows  can  be  attained.  This  simulation  capability 
should  continue  to  be  developed  for  the  purpose  of  studying  the  basic  nature  of  these  complex  flows 
which  defy  analysis  and  to  provide  improved  modeling  technique*.  Past  experience  has  revealed  that 
simulated  atmospheric  shear  flows  are  an  invaluable  aid  in  the  study  of  applied  problems  associated 
with  air  pollution,  structural  aerodynamics,  modification  of  local  environments,  etc. 

The  use  of  laminar  stably-stratified  flow  over  small-scale  models  of  complex  topography  to 
study  convective  dispersion  in  a  turbulent  stably-stratified  atmosphere  has  been  proven  to  be  i 
valuable  simulation  technique.  Reynolds  number  similarity  baaed  on  a  Reynolds  mmber  for  the 
atmosphere  formed  with  an  eddy  viscosity  and  a  Reynolds  number  for  the  model  formed  with  the 
molecular  viscosity  should  be  considered  for  oth«r  problems  of  atmospheric  motion. 

Several  problems  may  be  listed  whose  study  can  lead  to  significant  advances  in  our  understanding 
and  in  our  ability  to  simulate  atmospheric  shear  flows  in  tha  laboratory.  Those  that  appear  to  be 
the  most  important  at  this  time  are  the  following: 

1.  How  does  model  distortion  produced  by  exaggeration  of  the  vertical  scale  u.t'ect  similarity 
of  two  flow  fieldsT  An  answer  to  this  question  is  essential  if  flow  over  city  complexes 
modeled  on  a  ±>cale  of  1:10,000  or  smaller  is  to  ba  simulated  with  a  high  degree  of  con¬ 
fidence. 

2.  What  is  the  effect  of  three  dimensionality  of  Man  flow  on  turbulence  characteristicsT  As 
pointed  out  by  Bradshaw68,  not  even  the  direction  of  Man  turbulent  shear  stress  relative 
to  the  mean  velocity  vector  is  known  when  strong  crossflow  exists. 

3.  How  can  thick  turbulent  boundary  layers  with  appropriate  turbulence  structure  and  thermal 
stratification  be  generated  without  the  use  of  excessively  long  wind-tunnel  test  sectionsT 
The  combined  use  of  upstream  grids,  screens  and  vortex  generators  in  conjunction  with 
moderately  long  test  sections  (20-30  Mtart)  appears  to  be  the  most  promising  approach. 
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Suamry 


When  wind-tunnel  testing  nodal  situations  representative  of  flow  in  tha  atmospheric 
boundary  layer  naan  velocity  profiles  oust  ba  sinulatad  accurately.  It  is  also  desirable 
to  reproduce  tha  corresponding  turbulence  structure  faithfully  in  all  respects.  Such 
reproduction  calls  for  complete  representation  of  tha  terrain  upatrean  of  the  nodal  situation. 
But  blockage  effects  denand  wind  tunnela  of  large  cross-sectional  area  for  thla  class  of 
work,  thus  full  representation  of  the  nean  and  turbulent  flow  velocity  ie  seldom  practicable 
and  compromises  are  necessary’.  Tha  inplieationa  of  such  compromises  are  considered. 

Two  basic  net hods  of  naan  flow  prof lit  production  era  examined ■  These  are  uaing 
parallel  cylinder  gride  having  varying  spacing  and  wedge-shaped  flow-nixing  devices.  Tha 
extensive  literature  is  reviewed  so  as  to  provids  a  guide  to  nean  flow  production  for  the 
practising  aerodynamic 1st . 

An  experimental  programme  ia  also  aurveyed  in  which  the  mean  profiles  produced  by  both 
•ethoda  in  a  rectangular-section  duct  at  a  Reynolds  number  of  3.0  x  10s  are  compared  with 
thoao  generated  naturally  in  the  sene  duct. 

Though  a  given  noan  velocity  profile  can  ba  generated  by  more  than  one  basic  method  the 
corresponding  turbulence  distribution!  will  be  very  different.  In  particular  the  resulting 
Reynolds  stress  distributions  can  be  very  significant  sines  these  will  cause  modifications  to 
the  nean  velocity  profile. 
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13.  METHODS  AND  CONSEQUENCES  OF  ATMOSPHERIC 
BOUND.'  LAYER  SIMULATION 

by  David  J.  Cockrell  (University  of  Leicester) 
and  Brian  E.  Lee  (Shell  Research  Ltd.)* 


Notation 


cr  = 


Jpu2  x 
max 


d 

h 

K  =  K(y)  =  4P/ipV2 

Ki  =  (Po-PdJ/ipu2 

L 

1 


n 


P 

6P 

p  =  p(x) 

Pd  =  p<y> 


Po 


7  =  u'  2  t  v’2 


♦  JT* 


8  =  d/g 
U  =  U(x) 
0 


u  =  u(x,y) 
u'  =  u'(x,y) 

“max 

V  *  V(y) 

h 

*•  V,,  v2 
v'  =  v'(x.y) 
v' 


X 

y 

a 

« 

v 

P 

T 

*W 


total  skin  friction  coefficient 

diameter  of  rode  used  in  grid 

wind  tunnel  or  duct  width 

non-dimensional  pressure  drop  across  grid 

non-dimensional  pressure  drop  of  entire  grid  system 

axial  length  measured  down  the  wind  tunnel 

centreline  spacing  of  rods  used  in  grid 

parameter  in  power  law  exponent 

total  pressure  in  the  stream 

total  pressure  loss  along  a  streamline 

pressure  at  some  streamwiae  section  of  lie  tind  tunnel  or  duct 
pressure  measured  downstream  of  graded  drag-producing  device  (grid) 
pressure  at  the  datum  section  of  the  wind  tunnel  or  duct 

mean  turbulence  energy 

(for  cylindrical  rods),  solidity  ratio 

maximum  axial  temporal  mean  velocity  at  soe»  streamwisc  ordinate  x 

spatial  mean  velocity  (ratio  discharge/cross-sectional  area) 
established  in  a  duct  or  wind  tunnel  of  width  h. 

axial  temporal  mean  velocity 

fluctuating  component  of  velocity  in  x-directioo 

axial  mean  velocity  corresponding  to  y  =  h  at  section  AB 

axial  velocity  at  the  grid 

exial  velocity  far  upstream  or  far  downstream  of  the  grid 

disturbance  axial  velocities  produced  by  the  grid 

fluctuating  ccagxxient  of  velocity  in  y-dlrectlon 

(three-dimensional  flow)  fluctuating  component  of  velocity  in 
*-direction 

streamwiae  ordinate 

transverse  ordinate  measured  from  the  wall 

stream  re  fra  c  .on  coefficient 

boundary  layer  physical  thickness 

kinematic  viscosity  of  fluid 

density  of  fluid 

boundary  layer  shear  stress 

wall  shear  stress 


*  Work  performed  in  the  University  of  Leicester  Engineering  Department 
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Introduction 


There  is  nothing  novel  in  using  wind  tunnels  to  simulate  aerodynamic  situations. 

Experiments  involving  the  atmospheric  boundary  layer  may  present  new  problems  however. 

Prominent  amongst  these  is  the  determination  of  flow  round  high-rise  buildings,  for  in  such 
problems  the  atmospheric  shear  flow  profile  is  a  significant  ingredient^  The  atmospheric 
environs*-  s,  however,  equally  important  in  modelling  problems  concerned  with  vehicle 
performance  .  mat ion  or  with  the  dynamics  of  flow  around  bridges  and  similar  structures. 

The  problems  of  satisfactory  modelling  flow  round  high  structures  in  the  atmospheric 
boundary  layer  are  immense.  If  separation  bubbles  are  to  be  faithfully  scaled  the  Reynolds 
number  of  the  model  test  must  be  of  the  order  of  that  for  full  scale.  Since  compressibility 
effects  should  not  be  introduced  a  limit  is  set  on  the  tolerable  model  site;  for  example, 
it  must  be  one-tenth  full  scale,  or  larger.  Blockage  effects  then  dictate  very  large 
cross-sectional  area  wind  tunnels,  e.g.  if  a  150m  high,  15m  wide  tower  is  to  be  modelled 
in  a  wind  tunnel  working  section  in  which  no  more  than  10%  blockage  area  is  tolerable  the 
wind  tunnel  would  need  to  have  a  working  section  of  50m  x  5m.  But  even  if  by  suitable 
compromises  or  modelling  in  a  medium  having  a  low  kinematic  viscosity  this  problem  is  overcame 
the  question  of  adequate  simulation  of  the  atmospheric  boundary  layer  remains.  Is  simulation 
of  the  temporal  mean  velocity  sufficient  or  should  turbulence  characteristics  be  represented 
as  well?  If  it  is  decided  to  atteapt  simulation  of  the  latter  then  to  achieve  compatibility 
there  is  no  end  to  the  degree  to  which  one  might  proceed.  Ultimately  compatibility  implies 
that  the  instantaneous  model  turbulence  has  a  one-to-one  correspondence  with  that  for  full 
scale}  it  is  a  necessary  but  not  a  sufficient  condition  that  root  mean  square  values  of 
turbulence  at  every  point  in  the  model  field  correspond  to  those  in  the  full-scale  field. 

It  is  one  question  to  say  what  conditions  must  be  complied  with  if  satisfactory  results 
are  to  be  achieved  from  a  model  test,  but  it  is  another  matter  to  design  the  facilities  required 
to  produce  them.  Since  it  is  unlikaly  that  all  can  be  simultaneously  reproduced  compromises 
are  necessary  here  too.  But  good  compromises  cannot  ba  affected  without  first  considering 
which  are  the  primary  and  which  the  secondary  parameters  in  any  problem. 

It  is  generally  considered  desirable  to  carry  out  wind  tunnel  testing  of  high-rise 
building*  in  large  wind  tunnels  with  a  minimum  of  blockage  (10%  might  be  considered  a  minimum) 
at  aa  high  a  Reynolds  number  as  possible.  Moat  tests  are  in  fact  conducted  at  a  full  scale 
to  modal  Reynolds  number  ratio  of  more  than  10:1.  Some  care  is  taken  to  produce  a  power  law 
mean  velocity  profile  representative  of  the  full  scale  conditions.  Additionally  some  workers 
seek  to  reproduce  the  root  mean  square  turbulence  ooaponanta  (and  even  the  power  spectral 
density  of  the  turbulence  component)  as  faithfully  as  possible.  The  purpose  of  this  paper 
is  to  explain  ways  of  achieving  shear  flow  simulation  and  the  consequences  resulting  from 
the  necessary  compromises. 

The  Atmospheric  Boundary  Layer 

Although  the  atmospheric  boundary  layer  is  very  complex,  certain  features  have  been 
idealised  into  commonly  accepted  relationships. 

Vo*  mean  velocity  distribution  cen  be  represented  by  *  power  law  having  a  variable 
exponent  which  ia  dependent  on  the  terrain  to  be  modelled,  i.e. 


where  u  is  the  mean  velocity  at  a  height  y  from  the  ground  and  U  is  the  free  stream  velocity 
outside  a  boundary  layer  of  thicknee*  4.  Her*  n  might  vary  from  2.5  to  10.0,  a  typical 
value  for  open  European  countryside  being  about  6. O'*). 

u  „  l/n 

In  practice  U  and  4  are  completely  erbitrary.  Since  '/U  -  (yi/g)  where  ut  and  yj 
are  any  related  velocity  and  distance  within  the  boundary  layer,  than 
l /n  ^  ^ 

~  s  (J-5  ,  for  example  —  *  (•$■)  "  where  u,0  i*  the  velocity  1C*  from  the  ground^ 2 \ 

"j  10 

Thu*  the  profile  can  be  modelled  without  the  boundary  layer  thicknee*  4  being  known. 

Thi*  i*  a*  well,  for  it  la  not  easy  to  say  in  general  terms  how  the  boundary  layer 
thickness  will  vary.  The  atmospheric  velocity  field  la  more  like  e  vortex  with  it*  axle 
perpendicular  to  the  earth  than  it  la  like  linear  flow  through  (duct.  Consequently  w*  should 
not  anticipate  a  grddual  increase  in  4  with  distance.  Prmndtl'*'  dlsoussee  the  physics  of  a 
related  problem,  that  of  laminar  flow  generated  in  a  fluid  otherwise  at  rest  by  tb*  rotation 
of  a  disc  sbout  sn  axis  through  its  centre,  end  show*  that  the  fluid  flows  outwards,  the 
surface  shear  force  being  less  then  the  necessary  centripetal  fores  so  that  sn  increase  in 
momentum  flux  occurs  as  tbs  fluid  moves.  He  shows  that  for  laminar  flow  over  such  a  disc 
the  bounds  *  layer  thicknee*  is  constant.  Thi*  result  was  oonfirmed  experimentally  by 
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(4) 

Gregory,  Stuart  and  Walker  who  also  examined  theoretical  work  by  von  Karmen  and  Goldstein 
on  the  corresponding  behaviour  of  turbulent  flew.  Though  they  found  less  agreement  than  in 
the  laminar  case  it  would  appear  that  the  boundary  layer  thickness  increases  with  radius. 

Also  surface  roughness  would  appear  to  influence  the  nature  of  the  flow  as  it  does  for  other 
turbulent  flow  problems.  More  recent  theoretical  and  experimental  work  on  this  problem 
confirming  these  general  conclusions,  is  reported  by  Cham  and  Heed^5). 

What  experimental  data  exists  for  the  nature  of  the  atmospheric  boundary  layer  (a.g.  that 
of  Harris^)  leads  us  to  anticipate  characteristic  distributions  of  r.m.s.  turbulence 
components ,  with  peaks  close  to  the  surface  and  a  tendency  to  isotropy  as  the  free  strew 
is  approached.  The  shear  stress  distribution  would  be  an  approximately  linear  function  of 
distance  from  the  ground  decreasing  from  the  surface  value  tw  at  y  :  0  to  zero  at  y  -  4. 
Assuming  that  the  degree  of  immersion  of  a  building  in  the  boundary  layer  will  be  considered 
as  a  significant  parameter  (Leutheusser  and  Baines™))  the  surface  roughness  height  can  be 
non-dimensionaliseu  in  terms  of  the  building  height.  In  this  way  it  can  be  compared  with 
surface  finish  in  other  experimental  shear  flow  studies.  Where  the  roughness  height  is 
large  the  surface  shear  stress  and  the  shear  stress  (?)  at  any  ordinate  y  will  also  be 
correspondingly  large.  Accepting  Bradshaw1  s( 8)  relationship,  oTj*«i  -  t  where  aj  it  i 
dimensionless  constant  (0.15)  and  is  the  mean  turbulence  energy  \ p?  +  y'T  +  jfrjri  the 
r.m.s.  turbulence  components  will  also  be  correspondingly  large.  There  is  some  evidence 
(e.g.  that  of  Armitt^^)  that  the  turbulence  energy  is  a  significant  flow  parameter. 

Modelling  the  Atmospheric  Boundary  Layer 

The  aerodynamicist  wishes  to  produce  in  his  wind  tunnel  a  power  law  mean  velocity  profile 
having  an  exponent  which  he  can  vary.  The  turbulence  parameters  accompanying  this  profile 
have  the  characteristics  of  fully-developed  duct  flow.  However  ws  have  already  established 
that  the  ideal  tunnel  has  as  large  a  working  section  cross-sectional  area  as  possible  and 
if  a  boundary  layer  is  permitted  to  develop  naturally  down  the  entrance  length,  such  a  settling 
length  would  be  of  inordinate  dimensions.  He  therefore  looks  for  other  means  of  achieving  his 
end. 


In  the  system  shown  in  figure  1  a  uniform  incompressible ,  two-dimensional  stream  enters 
at  AO  with  velocity  U  a  duct  of  width  h.  Either  naturally  or  as  a  consequence  of  some 
constraint  situated  within  the  area  ABCD,  a  mean  velocity  profile  u  =  u(y)  is  established  at  BC. 
Tbe  pressure  at  AD  is  denoted  by  ?0,  whilst  that  at  BC  is  denoted  by  p,  both  independent  of  y. 
Then  the  problem  satisfies  the  following  requirements: 

-  fh 

Continuity  Uh  =  udy 

'o 

Momentum  EFX  =  (p0-p)h  +  thrust  developed  on  walls  and 

constraint 


P 


-  t?h 


1 

J 


Equilibrium 


When  the  mean  velocity  profile  is  in  equilibrium 
the  total  axial  force  acting  on  the  fluid,  0. 


Energy 


Since  the  shear  force  developed  on  AB  does  no  work , 
application  of  the  energy  equation  along  the 
streamline  AB  gives, 


p0  +  JpU2  =  p  +  Jpu^ 


+  AP 


AB 

AP. 


where  is  the  mean  velocity  at  the  section  BC  corresponding  to  y  =  h  and 

loas  in  total  pressure  along  the  streamline  AB. 


is  the 


Since  the  mean  profile  at  BC  is  assumed  to  be  given  by 


- —  *  (  £  ) 

u  h 

WAX 


th«n  by  continuity# 


u  *  (-■■■-)  u; 

mx  r. 


and  by  momentum  principles  in  the  absence  of  any  other  constraint 


udx 
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where  tw  Is  th«  shear  stress  developed  on  the  lover  vail  CD.  (It  shouod  bo  noted  that  the 
shear  stress  developed  on  the  veil  AB  is  assumed  to  be  negligible  compered  with  that  on  CD, 
otherwise  the  profile  could  not  be  formed.)  The  right  hand  side  is  the  momentum  flux  surplus. 


oj?h 

n(nt2) 


puL.hc^l)fe)  ’ 


which  is  not  equal  to  the  normally  accepted  momentum  thickness  of  a  boundary  layer, 

Pumaxh  (n+l)(n+2) 

for  in  the  present  problem  the  flow  is  constrained  by  the  upper  wall  AB. 

Assuming  AP^j  is  negligible  in  the  energy  equation,  (p0-p)h  is  given  by 


ip(u£sx  -  U^h  =  ipIPh 


Inaert.„g  this  value  into  the  momentum  equation  gives 


f*  .  _  rr*.  T  2n2+3nv2  1  _  ,  T  2n2+3nt2  T 

J  V*  -  P  [  2n2(n+2)  '  pULxh  [  2?STTWnT2 ) J 


Thus  ths  dreg  produced  on  the  lower  wall  is  related  to  the  required  power  law  profile. 

How  can  this  drag  be  produced?  The  condition  that  the  >«all  CD  is  smooth  is  artificial 
in  view  of  the  assumption  made  concerning  the  wall  AB,  unless  AB  be  considered  the  centre 
streamline  in  e  duct  of  total  width  2h.  In  this  cess,  (using  an  expression  for  the  surface 
friction  relevant  to  sero  pressure  gradient  and  n*7,  that 


1 

1pu*x 


E 


-v. 


r^dx  *  0.074  )  ,  we  have 


f  Twdx  =  JpU2*  0.074  (^L) 

4 


-1/* 


.  i. 


h  v 


2n2+3n+2 

O.OvTn^iMT) 


e.g.  at  a  Reynolds  number  U.2h/v  of  3*0  x  105  to  achieve  e  l/7'.h-power  lew  profile  ir  a  smooth - 
welled  duct  */2h  1  SO  .  Raising  the  Reynold*  number  to  2.0  x  10®  increases  this  figure  to  81. 

Typically,  the  effect  of  wall  roughening  might  be  to  increase  the  dreg.  1.5  times  at  a 
Reynolds  number  of  2,0  &  10®.  Such  roughening  would  reduce  the  duct  length  required  to  produce 
a  1/Tth  power  lew  profile  to  48  duct  heights. 

Further  reduction  la  length  is  possible  by  a till  further  increasing  the  dreg.  A  step 
might  well  oe  used  for  this  purpose. 

In  ell  these  cease  th  normal  turbulent  mixing  prooesses  ensure  the  development  of  the 
characteristic  power-law  profile  shape  consisting  of  a  near  constant  axial  mean  velocity  except 
la  the  region  extremely  close  to  the  wall.  But  since  diffusion  by  turbulent  mixing  occurs 
ocsparetlvely  slowly  it  say  be  necessary  to  use  vortex  generating  devices  downstream  of  the  step 
to  hasten  the  nixing  processes.  On  grounds  that  will  be  developed  later  in  the  paper  It  is 
important  to  ensure  that  ths  shear  stress  prof  lit  Is  mall  represented .  Vortex  tenanting  devices 
introduce  considerable  turbulence  into  the  stress*  end  modelling  c f  the  resulting  turbulence 
parameters  is  an  important  though  largely  an  ad  hoc  process  (see  for  example  ref . la). 

The  figures  dmrlved  in  the  foregoing  analysis  illustrate  the  principle  of  one  method  of 
profile  production.  The  most  questionable  assumption  neda  is  that  for  the  surf so#  friction  ee 
the  boundary  layer  develops  down  the  duct.  Far  flow  in  e  favourable  pressure  gradient  Use 
surface  friction  will  be  greeter  then  the  value  eavumed  end  hence  the  values  obtained  for  the 
length  of  duct  required  to  achieve  the  required  profile  would  be  conservative.  If  a  discrete 
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constraint  (such  as  a  step)  is  employed  the  analysis  develops  an  expression  for  its  drag  but 
it  gives  no  guidance  on  the  duct  length  required  for  tbs  profile  to  develop  beyond  indicating 
that  it  would  be  short  coopered  with  that  required  by  the  saooth-valled  duct. 

An  alternative  simulation  technique  is  to  use  a  graded  drag-producing  sechasism 
(or  grid)  across  the  wind  tunnel  working  section.  Such  a  technique  enables  the  required 
shear  flow  mean  velocity  profile  to  be  satisfactorily  simulated  but  the  corresponding 
turbulence  parameters  are  less  well  represented.  An  important  implication  of  this  state 
of  affa'rs,  that  the  mean  profile  is  not  in  equilibrium  in  the  wind  tunnel,  is  discussed 
lstcr. 

In  forming  s  mathematical  model  for  the  design  of  a  grid  the  characteristic  argument 
is  to  neglect  the  production  of  shear  stresses,  assuming  no  further  change  will  occur  in 
the  profile  once  it  has  been  produced.  Thus  the  flow  can  be  regarded  as  potential  both 
upstream  and  downstream  of  the  grid. 

Over  the  last  30  years  thsre  have  been  a  number  of  approaches  to  the  problem  of  the 
design  of  graded  drag-producing  mechanisms.  Using  Wsighardt’s  relationship'11'  the  non- 
dimensional  pressure  d.  up,  K,  across  the  grid  is  related  to  its  geometry  and  may  be  expressed 

as 


K  s  AP/jpV2  =  AP/ipV2=  k8/(l-s)2- 


where  aP  is  the  total  pressure  loss  caused  by  the  grid  through  which  flow  occurs  with  velocity  V, 
hence  AP  -  Ap,  and  s  the  solidity  ratio  of  the  grid  (which  for  cylindrical  rods  of  diameter  d  and 
centreline  spacing  1)  is  equal  to  d/t .  k  is  a  slowly  varying  function  of  Reynolds  number. 

In  order  to  design  the  grid  it  is  necessary  to  establish  an  expression  for  K(y)  in  terms 
of  the  given  upstream  velocity  profile  and  the  required  downstream  velocity  profile.  Collar'12) 
established  a  method  of  analysis  based  on  Rankine-Froude  actuator  disc  theory.  Assuming  the 
total  need  to  bo  conserved  both  upstream  and  downstream  of  the  grid  he  used  momentum  and 
energy  pr„nciples  to  establish  the  expression  for  K  in  terms  of  upstream  and  downstream  axial 
velocities.  The  problem  of  grid  design  differs  from  actuator  disc  theory  however  in  that 
the  pressure  far  from  the  grid  is  not  the  same  upstream  as  it  ie  downstream  and  in  developing 
the  relationship  Collar  had  to  consider  the  evaluation  of  this  overall  pressure  difference. 

There  are  additional  prooleaa  associated  with  satisfying  continuity  for  flow  constrained 
by  a  duct  and  the  method  adopted  was  criticised  by  Taylor  and  Batchelor^13).  They  (and  others 
since)  introduce  disturbance  velocities  having  some  simple  structure  into  the  flow.  Using 
the  constancy  of  total  head  postulation  both  upstream  and  downstream  of  the  grid  they  obtain 
th*  relationship 

*2  1  +  a  -  aK 

Vj  "  1  *  a  t  K 

Where  v-j  is  the  velocity  increment  produced  by  the  disturbance  velocity  at  an  upstream 
a  tat  ion.  and.  i*  the  corresponding  increment  ax  a  downstream  station,  both  being  constant 

across  the  section,  a  is  a  coefficient  which  accounts  for  the  refraction  of  the  stream  at  the 
grid  introduced  by  the  lateral  flov.  Using  this  equation  K  i*  given  from  the  known  velocity 
distribution  y  ♦  vj  end  the  required  distribution  V  ♦  v3  once  a  is  known.  An  eapirical 
relationship  for  a  suggeated  by  Taylor  and  Batchelor  is 

a  *  I.i<X  ♦  K)  ^ 


( !*) 

Owen  ted  Zienkiewlc*. ”  developed  the  method  to  permit  linear  shear  profiles  to  be 
produced^  batsr  Elder'-*)  produced  a  very  general  extension ,  enabling  arbitrarily-shaped 
and  positioned  gau res  tc  be  used,  which  i»  complex  sod  difficult  to  follow.  Recently 
Turner'16)  has  mad*  t.h*  as t hod  esjch  more  amenable  ro  treatment  by  considering  numerical 
methods  of  solution,  suitable  for  digital  commutation,  of  £l4*r'»  equations. 

HeCarthy'11^  greatly  aiigllfied  the  preeeotetion  of  the  problem  of  producing  highly 
sheared  tiam.  Using  the  concept  of  constancy  of  total  head  in  -he  axial  direction,  both 
upstream  end  downstream  of  the  grid  he  further  argues  that  since  vorticity  is  constant  along 
etreaslinms  (to  the  first  order  of  small  quantities)  the  lateral  total  heed  gradient  it 
given  by 


where  V  it  th*  local  axial  velocity  tt  th*  grid  and  Vj  i»  the  axial  velocity  either  e  long 
wmy  ups t res*  or  downstream  of  tb*  grid  according  to  which  field  of  flew  is  under  consideration . 
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where  subscripts  u  and  d  imply  rpstream  and  downatraa*  evaluations  respectively  and  K  Is 
written  a*  fiH/ipV2.  Whilst  permitting  the  design  of  varyingly-graded  p'ids  for  the 
production  of  shear  flow  in  a  duct,  McCarthy's  equation  reduces  to  Taylor  and  Batchelor's 
fur  uniformly-graded  grids. 

(18) 

Not  only  has  the  mathematics  of  grid  design  now  become  formidable,  but  (as  Cowdrey 
counts  on  the  present  authors  simplifications  of  Eldars  method1  ' )  in  order  to  get 
solutions  ut  all  from  such  sophisticated  approaches  linearising  techniques,  which  are 
invalid  in  regions  of  high  shear  close  to  the  wall,  liavt  to  be  adopted. 

Qnwdrey's  approach  is  based  on  the  idea  of  using  simple  concepts  which  mould  the  physics  but 
which  may  well  be  only  an  approximate  representation  of  the  system.  These  are  to  consider 
that  since  the  grid  of  rods  has  a  major  influence  by  blockage  on  the  flow  ahead  of  it,  its 
entire  influence  is  on  the  upstream  flew,  all  lateral  flow  taking  place  before  the  grid.  He 
also  defines  a  system  pressure  drop  coefficient  K  based  on  the  static  pressure  difference  from 
far  upstream  to  far  downstream  of  the  grid. 

Since  the  flow  downstream  of  the  grid  is  assumed  to  be  unaffected  by  it  then 


1pU2ki  =  Po  -  pd  =  Jp(V2  -  U2)  +  JpV2K 


where  the  subscripts  o_and  d  refer  to  upstream  (datum)  and  downstream  conditions  respectively, 
the  upstream  velocity  U  is  considered  independent  of  y  whilst  the  velocity  at  the  grid  V  and 
the  non-dimensional  pressure  drop  across  the  grid  K  are  both  y-dependent.  Writing  u*  -  V/U 

gives 


(u*)2  =  (1  ♦  Kj )/( 1  +  K) 

K  i-  first  determined  arbitrarily  and  its  successive  use  is  on  the  basis  of  experience  - 
The  larger  the  value  chosen  the  fewer  the  number  of  rods  whr  :h  will  be  required  in  the 
resulting  grid.  Thus  or sign  of  grids  having  different  values  of  Kj  may  give  scan  measure 
of  control  over  the  accompanying  turbulence  structure,  u*  is  established  by  the  shape  of  the 
velocity  profile  that  is  required,  e.g.  for  a  linear  shear  profile  in  which 


then 


u*  =  2y/J 


Not*  that  u*  is  not  the  no--dl**n*lonal  velocity  ratio  in  the  required  profile:  in  the 
illustration  chosen  the  maximum  velocity  i*  shown  by  continuity  to  be  2U  snd  not  U. 

Thus  K  is  determined  in  term*  of  known  veluel  cf  u*  and  Kj .  Tn*  solidity  ratio 
relationship,  K  *  ka/(l  -  a)2,  if  then  invoked  to  give  the  required  rod  spacing. 

Equilibrium  boundary  levers 

The  x-directed  momentum  equation  applied  at  any  transverse  ordinate  y  in  the  boundary 
layer  states  that  the  ret*  of  change  of  axial  momentum  it  aqua!  to  the  forces  applied  in 
the  x-direction.  If  the  phrase  "equilibrium  ncundary  layer"  Is  used  to  imply  that  the 
temporal  mean  velocity  profile  is  invariant  with  x,  the  momentum  equation  shows  the  profile 
will  be  in  equilibrium  when  the  x-directed  farce  is  sere ,  i.*.  the  pressure  farces  balance 
the  total  abeer  forces  (inclusive  of  the  Reynolds  inertial  forces).  Hence  the  equilibrium 
condition  is  that 


&  ,  £l 

iy 

and  since  the  pressure  p  can  be  considered  invariant  with  respect  to  y,  ‘he  sheer  street  will 
then  be  a  linear  function  of  y. 


T 

•>w 


- 


c  ' 


13-7 


For  a  laminar  flow,  where  the  molecular  viscosity  ia  considered  constant,  this  of  course 
leads  to  a  parabolic  velocity  profile.  For  turbulent  flow  it  would  be  necessary  to  establish 
the  form  of  the  eddy  viscosity  relationship  before  the  resulting  mean  velocity  profile  shape 
could  be  known. 

The  above  elementary  analysis  assumes  that  the  mean  velocity  profile  ia  formed  in  a  duct 
or  wind  tunnel.  If  it  is  allowed  to  grow  naturally  in  this  environment  it  will,  (eventually) 
be  accompanied  by  a  linear  shear  stress  distribution  and  thus  reach  a  state  of  equilibrium . 

Mote  (from  fig.  8)  that  the  shear  stress,  growing  out  from  the  well,  does  not  attain  this 
linear  distribution  until  a  considerable  duct  length  has  been  traversed.  It  is  the  initial 
deficiency  in  centre-line  shear  stress  gradient  which  ia  responsible  for  the  characteristic 
growth  of  turbulent  boundary  layer  thickness  parameters  to  a  maximum,  followed  by  a  decrease 
to  their  equilibrium  value-  (fig. 7).  However,  if  modelled  artificially  probably  the  sheer 
stress  will  be  non-linear.  Vortex  generating  devices  for  example  may  impose  large  departures 
from  the  required  shear  stress  profile,  whilst  graded  grids  produce  little  shear  stress  at  all. 

In  such  cases  the  required  mean  velocity  profile  may  be  established  in  the  wind  tunnel  but  it 
will  be  out  of  equilibrium  a.id  the  extent  to  which  it  will  depart  from  its  equilibrium  shape 
ia  shown  (by  the  momentum  equation)  to  be  dependent  on  the  magnitude  of  the  local  shear  streaa 
gradient,  (for  the  rate  of  change  of  x-directed  momentum  per  unit  mass  equals  ‘1V9y  -  dp/a*), 

F’nce  the  velocity  profile  eventually  attains  an  equilibrium  state  this  development  must 
be  a  stable  process.  Stability  is  brought  about  by  the  action  of  the  mean  velocity  profile 
back  on  the  shear  stress  distribution.  Suppose  for  example  that  locally  3T/3y-  dp/d*  is  large 
and  positive.  The  accompanying  force  promotes  flow  acceleration  and  a  local  x-directed  velocity 
in  excess  of  that  at  larger  values  of  y.  Hixing  length  theory  then  indicates  that  the  local 
Reynolds  stress  will  no  longer  be  strongly  negative,  that  is  there  will  be  a  reduction  in  the 
local  value  of  shear  stress  and  hence  ox  the  x-directed  force  per  unit  mass,  8t/Sy  -  dp/<jx. 

In  this  way  production  of  the  equilibrium  boundary  layer  can  be  seen  to  be  a  stsblu  process. 

The  essence  of  atmospheric,  boundary  simulation  however  is  that  non-dimensional  duct  length 
must  be  kept  as  short  as  possible.  Hence  there  is  little  possibility  for  artificially  formed 
mean  velocity  profiles  to  acquire  an  equilibrium  state.  Though  the  profile  formed  in  the  wind 
tunnel  may  represent  the  required  atmospheric  mean  velocity  profile  the  modelled  profile  is 
much  more  liable  to  change  than  its  full  scale  counterpart. 

How  much  does  this  lack  cf  equilibrium  concern  us?  Probably  very  little,  for  most  wind 
tunnel  studies  are  concerned  with  the  effects  of  air  flow  under  very  localised  conditions. 

Where  whole  regions  may  be  modelled  in  the  tunnel  however  it  ia  important  to  consider  that 
deviations  from  linearity  in  the  shear  stress  distribution  could  result  .n  unacceptable  mean 
velocity  variation  in  the  working  secti-.i  .  A  simple  test  to  determine  whether  the  mean 
velocity  profile  is  sufficiently  in  equilibrium  to  be  acceptable  should  always  be  carried  out. 

This  could  be  done  by  examining  the  profile  variation  over  the  working  section  length  before 
the  model  is  inserted  intc  the  wind  tunnel 

Experimental  programme 

The  wind  tunnel  used  in  the  present  investigation  is  shown  schraatiraily  ir.  fig.  1.  Its 
purpose  was  to  enable  the  behaviour  of  two-dimensional  boundary  layers  produced  by  a  variety 
of  methods  to  be  studied  end  the  smjor  crit  ria  for  the  tunnel  design  were  that  over *11  length  1-ad 
to  be  less  than  20m,  that  it  was  to  be  powered  by  a  fan  already  available  and  tint  it  must  be 
produced  economically.  A  working  section  velocity  of  60m/a  was  considered  desirable  end  power 
restrictions  then  limited  the  cross-sectional  area  of  the  working  section  to  s  maximum  of  O.lm^. 

The  working  section  was  :nen  manufactured  in  glass-fibre  to  interne!  dimensions  of  12  inches  x 

>i  inches  (0.3t*  x  C.lm)  end  t*>us  working  lection  Reynolds  number  based  duct  height  was  abort 

3.0  x  10*.  Prevision  to  traverse  pitot  end  static  tubes  as  well  ss  normal  and  Slanting  hot 

wire  anemosw-tsr  probes  was  provided  every  0,3m  throughout  the  working  section  length  of  121  equivclent 

duct  heights.  Wind  speed  control  was  by  means  of  adjustable  shutter  vanes  stunted  dr wnstret— 

of  the  far..  Turbulence  information  was  obtained  using  s  C. I.S  A.  Constant  Temperature  Anemometer 

in  association  witb  D.I.S.A.  hot-wire  probes. 

As  well  ss  permit ting  natural  boundary  layer  growth,  mean  velocity  p.c'iies  were  simulated 
using  grids  of  rods  sod  flaw-mixing  devices.  0.036  inch  (0.91am)  stainless  steel  piano  wire 
tensioned  in  sn  angle-iron  frame  (fig.  3)  was  used  for  the  rods  and  initially  the  spacing  was 
determined  by  the  modification  to  Elder’s  method  described  by  the  Authors^1*'.  Later  Cowdrey's'*  J 
method  was  used  end  shown  to  give  iaproved  results.  The  spacing  of  the  wires  <«es  set  accurately 
by  running  them  over  suitably  mechined  notched  rollers. 

cy-’i 

Following  Schubausr  arid  Spandenberg  •  re-srsible  flow-mixing  device  wee  designed,  the 
basic  element  of  which  ia  shown  in  fig.  a.  In  one  direction  the  element  forms  a  plough-shape, 
reversed  it  is  a  ramp .  The  element*  were  attached  to  th>->  float  and  roof  of  the  tunnel  behind 
s  step  as  shown  in  fig.  5. 
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Experimental  results 

Mean  velocity  profile!*  produced  immediately  behind  the  various  fiixing  devices  are  ar.own 
in  fig.  6.  t?rids  designed  to  produce  power- law  Bean  velocity  profiles  are  seen  to  be  behaving 
successfully,  Tha  profiles  produced  by  the  step  and  forced -mixing  devices  are  leas  i  mediately 
acceptable.  Severe  separation  has  occurred  near  the  base  of  the  ramp  and  by  continuity, 
the  result  io  an  increase  in  the  central-region  velocity  producing  a  jet-type  of  flow.  With 
the  plough-shape  the  converse  has  occurred.  Flow  has  been  directed  towards  the  walla  leading 
to  a  veloclty-defact  in  the  central  region  and  a  wake-type  of  flow.  The  length  of  duct 
required  to  attain  an  equilibrium  state  may  be  judged  from  fig.  7,  in  which  the  physical 
thickness,  4,  of  the  boundary  layer  is  that  at  which  u  -  '>-95uiLax.  For  duct  flow  it  is  of 
the  order  of  80  duct  heights  (compare  a  figure  of  50  duct  heights  previously  calculated). 
Profiles  obtained  by  the  use  of  wire  grids  are  not  in  equilibrium  until  the  same  order  of 
distance  downstream  of  the  grid.  For  the  ramp  however,  an  acceptably  stable  state  Is  achieved 
in  half  thi*  distance.  The  reason  for  the  rapid  attainment  of  equilibrium  is  the  short  distance 
required  for  the  greatly  increased  shear  stress  to  attain  a  linear  distribution.  Compared  with 
the  naturally  developing  boundary  layer  (fig.  3)  the  shear  stress  produced  by  the  flow-mixing 
device  used  as  ramp  attains  a  linear  distribution  in  one-quarxer  of  tie  duct  length  (fig.  9). 

The  development  of  the  centre-line  shear  stress  gradient  for  the  flows  behind  the 
simulation  devices  is  given  in  fig.  10.  As  has  been  shown,  equilibrium  is  attained  when 
®T/3y  is  constant  and  equal  to  ^P/dx;  this  occurs  when  the  non-dimensional  shear  stress 
gradient  is  equal  to  unity.  A  value  different  from  ur...  cy  implies  mean  flow  acceleration 
or  deceleration  along  the  centre-line. 

The  centre-line  shear  stress  gradient  is  much  more  critically  susceptible  to  small 
changes  in  flow  conditions  than  are  bulk  parameters,  based  on  the  mean  velocity  profile, 
since  the  former  is  the  cause  of  temporal  mean  velocity  changes  and  the  latter  the  effect. 

It  is  a  parameter  which  is  most  responsive  to  flow  history  because  of  the  diffusion  of 
turbulence  which  occurs  outwards,  from  the  walls  and  the  simulation  devices,  to  the  duct 
centre-line. 

Because  of  the  lack  of  turbulent  shear  stresses  produced  by  the  graded  grid,  profiles 
produced  by  this  means  take  the  longest  distance  to  achieve  equilibrium.  With  the  triangular 
plough  simulator  and  particularly  with  the  ramp  simulator  however,  equilibrium  is  achieved 
very  repidly,  i,  some  40  duct -heights  in  the  latter  case. 

Discussion  of  results 


There  are  a  large  number  of  possible  methods  which  could  be  utilised  for  atmospheric 
boundary  uuyer  simulation.  Some  are  better  than  others  but  all  of  them  have  their  drawbacks 
regarding  the  flows  they  pi  duce  and  the  practical  difficulties  involved  in  their  use.  The 
use  of  wall  roughness  often  requires  a  prohibitive  length  of  wind  tunnel  and  only  produces 
small  scale  turbulence.  The  use  of  grids  of  rods  is  the  most  practical  method  and  is 
frequently  used.  They  produce  the  required  velocity  profile  almost  immediately  downstream 
of  the  grid  but  as  turbulence  diffuses  outwards  from  the  wall  the  consequent  Reynold,  stress 
distribution  is  such  as  to  cause  the  profile  to  be  modified.  Added  to  this  the  turbulence 
associated  with  the  grid  is  much  smaller  than  it  would  be  in  the  atmospheric  environment  and, 
for  reasons  stated  earlier,  the  simulated  profile  may  be  uni'e^..  esentitive. 

The  main  disadvantage  of  flow-mixing  devices  such  as  the  ramp-  and  plough-shape  is  that 
their  use  is  much  on  a  trial  and  error  basis.  Their  advantage  for  atmospheric  boundary 
lever  simulation  is  that  the  turbulence  structure  can  be  adequately  simulated  as  well  as 
tha  mean  velocity  profile.  Equilibrium  mean  velocity  profiles  form  quickly  with  the  ramp 
simulator ;  it  is  thus  preferable  to  the  triangular  plough  shape. 

Extensive  experimental  data  on  the  methods  of  simulation  described  in  this  paper  4s 
contained  in  ref.  21. 

Conclusions 

1.  To  simulate  atmospheric  boundary  layers  appropriately  in  wind  tunnels  it  is  at  least 
neceseary  to  be  able  to  produce  an  arbitrary  temporal  mean  velocity  distribution  and  to 
reproduce  the  scale  of  turbulence.  Following  Bradshaw  this  then  implies  that  all  root 
mean  square  turbulence  parameters  are  simulated. 

2.  Practicable  uimulation  implies  the  use  cf  graded  grids  of  rods  or  of  flow-mixing  devices. 
If  gride  of  rode  are  employed,  Cowdrey's  design  method  is  recommended.  Such  Simulation 
reproduces  the  mean  velocity  profile  adequately  but  is  less  satisfactory  for  turbulence 
parametars.  Both  mean  flow  and  turbulence  can  be  simulated  satisfactorily  using  flow-mixing 
devices  but  the  processes  are  much  less  well  understood  theoretically.  The  ramp-type  device 
permits  simulation  in  a  shorter  axial  length  than  any  of  the  other  mechanisms  tested. 

3.  It  ie  fortunate  that  development,  of  an  appropriate  profile  is  a  stable  process.  Like 
a  novel,  this  means  that  the  profile  will  come  out  all  right  in  the  end,  though  the  axial 
length  required  and  the  corresponding  turbulence  profile  are  dependent  on  the  methods  employed. 
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4.  It  is  unlikely  that  the  simulate!  profile  will  be  in  equilibrium,  inmtadiateiy  downstream 
of  the  production  mechanism,  since  this  requires  the  simultaneous  generation  of  a  linear 
shear  stress  profile.  Tni?  is  probably  unimportant  except  where  it  ia  necessary  to  model 
extensive  terrain  or  to  examine  flows  about  the  model  at  large  values  of  y/h. 
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SUMMARY 


A  method  i»  described  by  which  •  nsutral  atmospheric  boundary  layer  can  be  simulated  in 
a  wind  tunnel.  An  accelerated  rate  of  boundary  layer  growth  ia  obtained  by  the  use  of  vorticity 
generators  in  combination  with  a  castellated  barrier  and  surface  roughneas  elements.  The 
characteristics  appropriate  to  rough  wall  boundary  layer  flow  are  apparent  in  the  simulated  flow 
at  a  distance  of  three  boundary  layer  heights  from  the  generator  trailing  edges',  at  a  distance  of 
four  and  a  half  boundary  layer  heights  the  flow  is  acceptably  representative  of  true  rough  well 
boundary  layer  flow. 

Extensive  measurements  have  bean  made  in  order  to  establish  that  the  flow  produced  i* 
reasonably  uniform  across  ths  span  of  the  wind  tunnel  and  that  it  does  not  change  appreciably  in 
the  s treasuries  direction.  The  variations  with  height  of  the  simulated  boundary  layer  properties 
have  been  compared  with  data  from  natural  and  atmospheric  boundary  layers .  The  measured  integral 
length  scales  of  longitudinal  turbulence  have  likewise  been  compared  with  similar  data.  In  all 
respects  satisfactory  agreement  is  obtained  between  the  simulated  boundary  layer  and  the  natural 
and  atmospheric  boundary  layers. 
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Distance  from  tunnel  floor  am  (in.) 

Generator  height  am  (in.) 

Semi-e^>iricel  length  acale  a  (ft) 
frequency  Hs  (cy/sec) 

Separation  distance  am  (in.) 

Correlation  coefficient 

Normalised  power  spectral  density  at  frequency  n 
te fa ranee  velocity  at  !C  m  height  a/ sec  (ft/sac) 
free  steam  velocity  a/sec  (ft/aec) 

Longitudinal  velocity  m/sac  (ft/sec) 

Vertical  velocity  m/ssc  (ft/aec) 

Lateral  velocity  m/eec  (ft/aec) 

Noo -dimensional  quantity  n/U1Q  l 
toughness  length  am  (in.) 

Boundary  layer  thickness  a  (ft) 

Intern! ttency  factor 


A  prime  denotes  a  fluctuating  contribution  and  a  bar  denotes  an  average  with  respect  to  tism. 
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1.  iwhowctiw 

4$  ou  t.iee.  a  uniform  airflow  past  •  building  or  atructural  nodal  la  a  wind  teamel  at* 
considered  adaquata  for  Cba  detarminntioo  of  naan  itaody  surface  wind  load*.  however,  with  tha 
advent  of  tallar  buildings  and  larger  building*  hawing  complex  ax ta real  shapes  it  was  found 
desirable  to  represent  at  laaat  tha  velocity  proffla  of  tha  atmospheric  boundary  layar  in  such  wind 
tunnel  taatat  that  ia,  representation  of  a  ahaar  flow  paat  tha  nodal  waa  required.  This  ia 
nornally  achiavod  by  ndi  aatboda  aa  grida  of  roda  apacad  parallal  to  aaeh  othor  aeroaa  tha  tuna 1 1 
a pan  or  by  gauge  screen*.  Tha  ahapa  of  tha  ahaar  profila  can  aaaily  ha  altorad  by  changing  tha 
apacing  and  aiaa  of  tha  roda  or  changing  tha  acraan  resistance.  Thus  tha  af facta  of  wind  ahaar  an 
tha  naan  steady  loada  can  ba  datarwinad. 

A  research  pro  gratae  waa  initiated  at  tha  Central  Blactricity  Baaaarch  Laboratories 
(C.B.g.L.)  to  daviaa  waya  and  aaana  of  maaaur("q  tha  fluctuating  loada  ia  auch  a  way  that  tha 
aaaauraannta  nada  would  ba  truly  represent  at  'l  tha  full  acala  fluctuating  loading  of  tha 
buildioga  being  conaidarad.  It  waa  aubaaquan.  found  that  tha  fluctuating  ooaponaut  of  wind  loada 
waa  significant  with  respect  to  tha  daaign  of  cooling  towara  for  Power  Stations.  To  determine  ouch 
loada  it  followa  that  tha  taata  need  to  ba  conducted  in  an  air-flow  fully  representative  of  an 
eetsoepheris  or  rough  wall  botndary  layar.  Thia  ia  turn  i^liaa  correct  aimlation  of  tha 
intasaitiaa  and  aqslef  of  tha  turbulent  quantltiaa  of  theea  boundary  layar  flowa. 

With  sufficient  apace  available  such  a  boundary  layar  can  ba  grown  naturally.  In  tha 
casa  of  tha  C.B.g.L.  low  apaad  wind  tunnel  a  1.2  natra  (4  ft)  high  botadary  layar  waa  required  ia 
order  that  adequately  sised  teat  nodal*  could  ba  uaad.  The  length  of  working  section  required  to 
grow  auch  a  boundary  layar  waa  clearly  prohibitive.  Therefore  aa  attempt  waa  aada  to  dwwiae  a 
as t bod  which  would  give  a  accelerated  rata  of  growth  and  produce  a  fully  developed  boundary  layer 
in  a  distance  of  fron  three  to  four  tines  tha  required  boundary  layar  bright. 

This  paper  describe*  tha  davalopnant  of  such  a  systaa  at  C.E.&.L.  for  tha  siaul at ion  of 
an  a tmj  spheric  boundary  layer  in  a  wind  t usual  aid  presents  sous  of  tha  note  interesting  result* 
of  the  work. 

2.  OTHKK  METHODS  OP  PIODCCIHC  SHEA1  PLOW  4MD  KXBUUP  LAW*  TUN 


Adaquata  rapreaantation  of  boundary  layar  flow  requires  simtlation  of  not  only  the 
cornet  turbulanra  intasaitiaa  but  alao  representation  of  tha  frequency  power  spectra  of  the  throe 
turbulent  velocity  cooponents.  In  particular  we  require  representation  of  the  low  frequency  and  of 
the  spectra,  that  ia,  wa  require  that  tha  large,  energy  containing  addiaa  should  exist  in  the 
simulated  flow.  Eddies  of  Caspar  able  aiaa,  for  axanpla,  to  cocling  towara  haws  bean  aeaxured  in 
tha  atan spheric  boundary  layar  (Harris  1968)  and  hence  the  necessity  for  their  rapreaantation. 

It  is  wall  known  that  shear  flows  can  ba  produced  adequately  by  the  uaa  of  gauaee  roda 
or  honaycouba  (Lav a on  1967).  These  ayataSM  also  produce  turbulence  is  their  wakes  but  thia  ia  not 
necessarily  of  tha  correct  intensity  or  scale  md  1s  fact  la  woetly  high  frequency  turbulence. 

Therefore  auch  flows  cannot  ba  classed  aa  boundary  layar  flows  aa  defined  above. 

Tha  artificial  production  of  boundary  layer  flow  baa  bean  attested  but  tha  flora 
produced  have  lacked  low  frequency  energy  or  the  correct  Magnitude  of  turbulence  intensity,  or  haws 
bed  excessive  epenwiee  ooo-un if oral  ties.  For  axanple  the  spates  used  by  Lloyd  (1967)  does  not  have 
sufficiently  large  Kerne Ids  stresses  or  turbulence  intensities.  That  used  nora  recently  by  ftmplin 
(1969)  does  not  appear  to  have  sufficient  energy  at  low  frequencies  and  baa  excessive  epamriee 
variations  in  tha  velocity  profiles. 

Finally  oo*  con  resort  to  growing  a  boundary  layer  naturally  which  has  bean  dona  at  the 
University  of  Western  Ontario  (Davenport  and  Isyuacv  1967).  Tbit  required  a  wind  tunnel  having  a  we* Wing 
section  24  u  (80  ft)  long  to  produce  a  boundary  layar  of  about  1  a  (3.3  ft)  is  height.  Thua  a 
boundary  layer  of  adequate  aiaa  waa  produced  in  a  distance  of  24  boundary  layer  heights,  whereas 
tha  require  swot  at  C.B.g.L.  was  to  produce  a  boundary  layar  of  siailar  height  in  three  to  four 
boundary  layer  heights. 

3.  C.B.g.L.  WOK  OH  KXKDAg  lATEB  SDPtAIIOB 

Tha  first  aysteu  uaad  at  C.B.g.L.  waa  intended  to  produce  as  accelerated  version  of  a 
nodal  of  tha  flow  processes  in  a  natural  turbulent  boundary  layar  a*  proposed  by  Towns  and  (1937) . 

Thia  concept  lilies  tha  existence  in  tha  boundary  layar  of  large,  alow-novlng,  contra-rotating 
vortex  pairs  with  their  an*  parallal  to  tha  sain  flow.  However  sore  reoat.  literature  has  tended 
not  to  support  this  concept  completely. 

The  systen  involved  the  use  of  a  barrier,  vortex  generators  tad  surface  roughness  a  lament*. 

Tha  gasaratcra  ware  ia tended  to  produee  Townsend'*  proposed  vortex  system  and  were  a asset! ally  flat 
triangular  plates  eat  at  alternate  incidence  across  the  tunas 1  span.  It  ne*  hoped  that  tha 
generated  vortices  would  spread  none  of  the  grow*  ’  —'l  turbulence  upwards  in  ordar  to  ovarooma 
tha  initial  lock  of  turbulence  in  tha  outer  a v i  the  aioulated  boundary  layar.  However  the 
generators  produced  strong,  fairly  coneantrated  vorti.es  of  a  pars  is  tent  nature  which  lad  to  larga 
s  panvisa  «d  vertical  aoo-vei  form!  ties  of  tha  velocity,  turbulence  and  heyaolds  stress  prof  lias 
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(Armitt  and  Couni  ben  1968).  Apart  from  thia  It  was  considered  that,  in  uaing  tha  triangular 
generators,  soma  dagraa  of  aaymnatry  would  atill  exist  in  tha  flow  dutt  to  thair  altarnata 
Incidasca  aattlnga. 

In  tha  aacood  attempt  to  daviaa  auch  a  sy* taw  it  waa  propoaod  that  tha  aaction  of  tha 
boundary  layar  grown  on  tha  aurfaca  rougbnaaa  a haul d  ha  laft  to  d aval op  fraely  and  that  tha 
tnrbulanca  davalopad  hart  ahould  ba  supplemented ,  in  aactiona  highar  up  in  tha  boundary  layar,  by 
t'  rbulanca  froa  anothar  aourca.  It  waa  hopad  that  avantually  tha  two  aactiona  would  bland 
together  to  form  a  conplata  boundary  layar. 

Sinca  it  ia  known  what  tha  fora  of  tho  turbulanca  distribution  in  tha  boundary  layar 
abowld  ba,  it  waa  aaauaad  that  a  ahapa  c*  ge.er-ror  waa  naadad  which  would  have  in  ita  w aka  a 
distribution  of  turbulanca  which  had  a  aa«.,.ia  value  near  ground  laval  and  ich  dacraaaad  to  aaro 
at  what  would  bo  tha  top  of  tha  boundary  laywr.  If  tha  comet  turbulanca  profile  la  avantually 
produced,  than  whatever  eddy  ayataw  exiite  in  bowdary  layar*  nay  ba  partuadad  to  fora  naturally  aa 
a  conaaquanca. 

Tha  ahapa  choaan  waa  a  quarter  allipaa  in  aide  view  whoaa  major  axia  ia  twi^a  ita  adnor 
azia.  la  pi  n  view  tha  aaction  is  wedge  a hoped,  tha  wedge  angle  being  a  eonatant  at  any  plan 
section.  Tha  apaz  of  tha  we.' pa  face  a  Into  tha  flow  direction  and  hence  thei  ia  no  say  *  try 
introduced  into  the  system.  Therefore  tha  charactariatica  of  tha  elliptic  wedge  wake  ahould  be 
identical  at  equal  distance a  either  aide  of  ita  centra-lina.  It  waa  considered  that  a  low  wedge 
angle  would  be  beneficial  in  producing  a  graded  vertical  distribution  of  vorticity  rather  than  a 
vortex  in  tha  wake.  Fro*  thia  point  of  view  a  a  Mi -wed  gt  angle  of  5  to  6°  seemed  reasonable.  A 
constant  wedge  angle  waa  maintained  at  all  aactiona  of  tha  generator  aa  it  was  felt  that  thia  waa 
needed  for  the  production  of  turbulence  or  vorticity  orer  the  complete  generator  height.  Highar 
wndga  angles  than  those  stated  above  night  have  resulted  in  a  aaction  having  excessive  base  drag. 
Tha  generator  has  bean  termed  an  elliptic  wedge  vorticity  generator.  It  does  in  faet  produce  a 
grated  distribution  of  vorticity  in  ita  wake  whose  axes  are  perpendicular  to  tha  tunnel  floor. 

This  ganarator  In  eaatination  with  a  casta listed  barrier  and  aurfaca  rougbnaaa  has  bean  usad  to 
produce  the  required  boundary  layer  flow. 

*•  CBia  OF  AMP  OmiCIATIOn  OF  THE  SOCLAnOM  TtamiqPB 

The  final  positioning  of  tha  ganaretora,  barrier  and  aurfaca  roughness  ia  shown  in  Fig.  1. 
Ixtaaslve  preliminary  testing  had  taken  place  in  order  to  asaesa  tha  contribution  of  aach  in¬ 
dividual  component  to  the  flow  finally  produced  (Counihan  1968a).  All  of  tha  work  waa  carried  out 
ia  tha  C.i.l.L.  boundary  layar  tunnel  with  tha  ultimata  aim  of  producing  a  152  mi  (6  in.)  high 
boundary  layer  in  three  to  four  tiaas  thia  distance .  Tha  froa  stream  velocity  was  approximately 
9  n/sac  (30  ft/eec). 

Initially  tha  form  of  tha  longitudinal  turbulanca  distribution  in  tha  wake  of  one 
ganarator  waa  established  (Fig.  2).  It  produces  a  vertical  distribution  of  turbulanca  in  ita  waka 

of  the  type  postulated  ia  Section  3,  aa  being  of  tbs  required  fora.  The  second  significant 

characteristic  of  ita  wake  is  that  at  any  given  hei£it  the  spanvise  intensity  of  turbulence  ie 
sensibly  constant  over  a  good  proportion  of  the  spaoviae  extent  of  the  veka.  Therefore  it  could 
ba  deduced  that  it  ahould  ba  possible  to  find  a  generator  .pacing  which  would  giva  vary  littlq 
spaoviae  non-uniformity.  It  waa  also  decided  at  thia  stage  to  use  tha  generator  having  the  6" 
enai-wedga  ana Is  since  at  any  particular  aaction  tha  waka  of  thia  generator  will  b«  wider  than 
that  of  tha  3”  ganarator.  Therefor*  to  obtain  a  similar  dagraa  of  lateral  uniformity  tha  6° 
ganaretora  can  be  spaced  wider  apart  than  tha  3°  generators.  It  we*  thought  that  this  spacing 
should  be  as  wida  a a  possible  to  be  consistent  with  tbs  production  of  the  correct  fora  of  tha 
power  spectrum  of  the  lateral  turbulent  velocity  coagonaot. 

In  deciding  what  tha  ganarator  spacing  ahould  be  it  was  eseuand  that  a  spanvise 

variation  of  turbulanca  intensity  of  not  greater  than  12  would  ba  tolerable  at  any  given  Haight  in 

tha  boundary  layar  at  a  distance  of  three  bomdary  layer  heights  downstream  iron  the  trailing  edges 
of  the  generators.  Aa  a  result  of  teats  to  determine  thia  spacing,  a  distance  apart  of  76  am 
(3  in.)  for  the  generators  waa  decided  on. 

The  dimension*  and  position  of  tha  barrier  in  the  wind  tunnel  working  section  were  then 
determined.  It  waa  thought  that,  if  tha  barrier  waa  placed  at  th*  intersection  of  tbs  working 

taction  and  contraction,  it  could  influence  tha  flow  through  and  free  the  contraction.  In  tha  case 

of  a  wind  tunnel  in  which  there  it  no  contraction  before  tha  working  aaction  tha  point  to  ba 
considered  is  that  tharr  will  ba  a  relatively  thick  floor  boundary  layer  and  that  the  memo g turn  lots 

dee  to  thia  will  hstve  to  be  taken  into  account  ebon  deciding  on  tha  height  of  tha  barrier.  As  a 

result  of  sene  brief  teat*  the  barrier  was  positioned  $1  m*  (j  in.)  froa  the  contraction  in  tho 
C.I.K.L.  boundary  layir  wind  tiaaanl  (Fig.  1).  If  however  tha  working  section  length  of  a  wind 
tunnel  Isdhort,  the  barrier  could  ba  aevod  c loner  to  the  contraction  without  seriously  affecting 
the  and  results.  The  barrier  height .  which  was  decided  on  in  lator  testa,  was  chosen  as  22  am 
(0.873  la.).  This  was  awbaequontly  modified  by  the  addition  of  6.35 mm  (7.25  in)  high  cancellation, 
poet  timed  on  the  barrier  immediately  forward  of  tbe  generators  (Pig.  1). 

From  tha  poiat  of  view  of  mutual  interaction,  tbs  positioning  of  tbs  borrisr  and 
generators  relative  to  aach  other  woe  else  of  importance .  This  was  determined  by  varying  the 
petition  of  tha  generator#  from  tha  fiend  barrier  and  manuring  the  affects  of  this  on  tbe 
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down* t re ad  turbulence  intensity.  The**  c?eta  *how*d  thet  determination  of  the  position  of  the 
generator*  va*  to  some  extent  arbitrary,  a*  in  tha  case  of  the  barrier.  In  this  case  it  va« 
decided  to  position  the  leading  edge  of  the  generators  127  tm  (5  in.)  dovnsuaam  of  the  barrier. 
However  a*  in  the  case  of  the  barrier,  if  sufficient  working  (action  length  is  not  available  the 
generator*  can  be  closer  to  it  without  seriously  affecting  tha  shape  of  tha  vertical  distribution 
of  turbulence  nsasured  downstream. 

The  surface  roughness  used  consisted  of  'Lego'  baseboard,  the  height  of  the  roughness 
elensnt*  being  approximate  scaled  down  veraions  of  those  of  previous  tests  (Arsdtt  and  Counihan 
1968) . 


Tha  above  barrier,  generators  and  surface  roughness  were  positioned  as  indicated  for  tha 
remainder  of  t’  s  tests - 

5.  EjmXlgjjTAL  BBSU1TS 


In  general  measurements  have  been  mad*  at  two  dovn*tr»  u  stations,  one  three  boundary 
layer  haigbts  and  the  other  four  sad  a  half  boundary  layer  hai  .its  downstream  of  the  trailing  edges 
of  the  generators.  Mainly  the  measurements  made  at  the  station  further  downstream  only  are 
pi  'vented  her*.  The  characteristics  of  boundary  layer  flow  were  however  adequately  established 
three  boundary  layer  heights  downstream  of  the  generator  trailing  edges. 

5.1  Velocity  Profiles  and  Reynold*  Str**»a« 

In  the  first  instance  the  boundary  layer  to  be  simulated  is  a  neutral  atmospheric 
boundary  layer  appropriate  to  flow  over  rural  terrain.  It  has  bean  assumed  that  the  relevant 
velocity  profile  cam  ba  approximated  to  by  a  l/7th  Power  Lav  profile  for  present  purposes.  It  can 
oa  scan  from  Fig.  3  that  tha  mean  of  tha  measured  profiles  is  very  close  to  the  curve  for  thie 
power  law.  The  flow  has  adequate  spanviae  uniformity  as  indicated  by  tha  difference  between  the 
curves  measured  at  positions  corresponding  to  tha  gsnarator  cer.tre-line  and  the  generator  span 
centre-line .  The  difference  between  the  curve*  repreeent*  the  maximum  spanvisc  non-uniformity  in 
tha  velocity  profile*. 

Aleo  shown  on  the  curve  i*  the  profile  euggeeted  from  analysis  of  ful. -scale  measurement* 
(Harris  1968)  for  flow  of  the  atmoepberic  boundary  layer  over  rural  terrain.  The  agreement  i* 
reaaomable  bearing  in  mind  that  the  surface  roughness  of  both  tests  may  not  ba  exactly  comparable. 

A  theoretical  assessment  has  previously  bean  made  (Counihan  1969a)  of  the  extent  to  which  the 
simulated  boundary  layer  compares  with  a  naturally  grown  boundary  layer  of  similar  height  and 
roughness.  The  cospnrieoo  was  made  using  the  velocity  defect  lew 

o  -  5 

-  -  A  ♦  B  log1()  (4/2) 


(where  A  »  2.80  and  B  -  5.60) 

in  conjunction  with  soma  of  tha  measurement*  mad*  in  a  natural  rough  wall  boundary  layer  grown  on 
the  'Lego'  baseboard.  The  estimated  velocity  ratios  st  various  heights  in  the  boundary  layer  have 
been  tabulated: 


Z/4 

natural 

24  me  (0.95  in.)  thick 
boundary  layer 

Predicted 

152  mm  (6  in.)  thick 
boundary  layer 

Simulated 

152  nr  (6  in.)  thick 
boundary  lay, r 

0.40 

0.815 

0.860 

0.875 

0.30 

0.740 

0.900 

0.840 

0  20 

0.650 

0.730 

0.905 

0.10 

0.515 

0.620 

0.730 

Cosqparitom  between  the  predicted  sod  similated  boundary  layer*  seems  reasonable.  Th*  discrepancies 
could  be  due  to  th*  fact  that  neither  the  natural  nor  simulated  boundary  layer*  seen  to  have 
reached  a  complete  s tat*  of  equililrium.  Such  condition*  art  acceptable  since  it  cm  be  assumed 
that  tm  atmospheric  boundary  layer,  being  constantly  subjected  to  charges  in  terrain  roughness, 
doe*  not  always  hev*  sufficient  length  in  which  to  reach  a  stats  of  equilibriun  appropriate  to  a 
particular  roughness . 

Tha  measured  variation  of  th*  taynolda  strata  with  height  is  also  shewn  oa  fig.  3.  Th* 
form  of  th*  distribution  is  very  similar  to  that  obtained  in  natural  boundary  layer  flow.  Th* 
theoretical  Reynolds  stress  st  ground  lav*;  ha*  been  ts  tine  ted  on  the  same  basis  as  th*  theoretical 
velocity  profiles  and  predicts  a  value  of  0.0024  in  comparison  to  tbs  value  of  0.0023  measured  in 
th*  simulated  boundary  layer.  Beferenc*  can  aleo  be  mad*  to  Davenports  (1963)  paper  where  result* 
are  a  unmerited  for  pip*  fimr  and  natural  wind  experiments.  Th*  auMeriaed  data  give  a  power  law 
exponent  of  1/7  th  for  e  surface  shear  stress  coefficient  of  0.0025  which  i*  in  agreement  with  th* 
simulated  boundary  layer  reeult*. 
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5.2  Turbulence  Intensity  Profiles 

The  longitudinal,  lateral  and  vertical  turbulence  intenaity  distributions  measured  in  the 
simulated  boundary  layer  are  shovn  in  ?ig.  4.  The  spread  of  the  experinental  points  represents  the 
degree  of  epanuise  non-uni iormity  in  the  flow  sad,  as  can  be  seen,  this  can  be  regarded  sa 
negligible.  The  shapes  of  the  distributions  a' -c  approximate  closely  to  those  obtained  in  natural 
boundary  layers,  and  the  turbulence  intensities  of  the  three  components  are  of  the  right  order  of 
^tgnitude  relative  to  eech  other. 

The  intensity  of  longitudinal  turbulence,  based  on  both  free  stream  and  local  velocity 
has  bean  compared  with  the  atmospheric  boundary  layar  data  (Harris  1968;  in  Fig.  5..  As  previously 
stated,  this  data  is  appropriete  to  flow  over  rural  terrain  where  the  boundary  layer  thickness  is 
usually  taken  es  being  of  the  order  of  300  a  (1000  ft).  However  the  thickness  in  this  case  has 
bean  taken  to  be  600  m  (2000  ft)  (See  Section  6.3),  in  cohering  the  turbulence  data.  The 
comparison  of  the  measurements  based  on  local  velocities  is  probably  the  mere  realistic  comparison 
to  make,  and  on  this  basis  the  forms  of  the  distribution  compare  reasonably  well  although  the 
turbulence  intensities  are  higher  in  the  simulated  bounder?  layer.  The  discrei  racy  at  the  lower 
section  ef  the  boundary  layer  it  greater  since  the  velocity  gradient  of  the  simulated  boundary 
layer  is  greater  than  that  of  the  atmospheric  boundary  layer  in  this  region. 

5.3  The  Turbulet'.e  Spectra 

Extensive  spectral  measurements  were  made  in  order  to  establish  that  the  spectr-  were 
reasonably  invariant  in  ■ps.vise  and  axial  directions  and  to  establish  the  form  of  their  variation 
with  height  (Counihsn  1969b) .  The  spectra  of  the  three  components  of  turbulence  shown  in  Fig,  6 
are  typical  of  those  measured.  The  presence  of  energy  at  the  lower  frequencies  italics  the 
existence  of  large  scale  turbulence  which  is  <ne  of  the  requirements  specified  in  Section  2.  In 
general  there  do  not  appear  to  be  any  irregularities  in  the  forms  of  any  of  the  spectra. 

Theoretical  forms  of  the  longitudinal  turbulence  spectrum  have  been  propoaed  by 
Davenport  (1963a)  and  Karris  (1968)  which  are  as  follows: 


u  S (n)  « 

(1 

♦  xV/3 

-  Davenport 

and 

n  S(n)  « 

X 

-  Harris 

(2 

375/6 

+  X  ) 

where  X  «  n^iQ  L 

and  L  it  «  length  scale  of  magnitude  1200  m  (4000  ft)  derived  semi-enq>irically  by  Davenport. 
Assuming  that  the  height  of  the  relevant  atmospheric  boundary  layer  is  600  m  (2000  ft)  then  the 
scale  of  the  aimulu-ed  to  atmospheric  boundary  layers  is  4000:1.  On  this  basis  the  theoretical 
spectra  were  calculated  lor  con^sr-ison  with  that  measured  (Fig.  6)  .  The  agreement  between  the 
curves  it  quite  satisfactory.  At  the  low  frequency  end  of  the  spectra  the  measured  spectrum  falls 
between  the  two  proposed  theoretical  curves.  The  values  of  the  maxima  energy  per  octave  do  not 
agree  exactly  but  this  is  not  considered  to  be  particularly  significant  since  the  assumption  of  a 
slightly  different  scale  between  the  simulated  and  atmospheric  boundary  layers  or  a  larger  length 
I,  can  adequately  off-set  this  discrepancy.  Per  instance  Harris  (1968)  suggests  that  the  length  L 
could  possibly  be  increased  to  a  value  of  1800  m  (6000  ft).  On  this  basis  the  agreement  between 
the  simulated  and  theoretical  spectra  was  taken  as  satisfactory. 

5.4  The  Intermittency  Factors 

The  uitermi ttency  factors  of  the  three  components  of  turbulence  were  measured  an„  are 
preaented  in  Fig.  7.  This  factor  is  defined  as  the  proportion  of  time  that  high  frequency 
turbulence  is  present  in  the  velocity  signal  at  a  given  height  in  the  boundary  layer.  For  example 
it  should  have  a  value  of  unity  in  the  lower  section  of  the  boundary  layer  and  should  be 
approximately  sero  at  the  top  of  the  boundary  layer,  assuming  that  there  is  no  background 
turbulence.  As  can  be  seen  the  spamrise  variations  of  the  factors  are  not  excessive  and  in  all 
respects  the  forms  of  the  distributions  for  the  various  turbulent  components  are  very  similar.  The 
measured  intermittency  factors  of  the  longitudinal  turbulence  are  compared  with  similar  measurements 
by  3orr?la  and  Flatter  (1954)  in  a  natural  boundary  layer  also  in  Fig.  7.  The  agreement  between  the 
measurements  has  bean  taken  as  satisfactory. 

6 .  THE  STRUCTURE  OF  THE  SIMULATED  BOUNDARY  LAYER  FI.0W 

Having  shown  that  the  general  characteristics  of  the  simulated  flow  were  adequately 
representative  of  boundary  layer  flow  't  vas  decided  tc  look  at  the  structure  of  the  flow  in  some 
detail.  This  was  done  by  measuring  some  of  the  space  correlations  of  the  fluci  rating  velocities. 

The  correlation  ia  defined  as:- 
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where  U'p  is  the  turbulent  velocity  at  a  fizad  point  P  and 

U'q  ia  the  turbulent  velocity  at  a  point  Q  distance  r  fro*  P 
For  brevity  thia  can  be  written  aa: 

Rij  (rj^.rj.rj) 

where:  ri»r2,srj  ut  separations  on  the  >,  y  and  z  axe*  reapactively . 

In  these  testa  the  measurements  were  confined  to  casaa  where  i  »  j  hence  the  correlation  ia  now 
Rii  (r^r^rj) 

For  example  the  correlation  coefficient  of  the  variation  of  the  longitudinal  turbulent  velocity 
for  vertical  separations  is  simply, 

Ruu  (o,r,c) 


i.e.  x  ia  the  streamwise  axis 

the  y  axis  is  normal  to  the  tunnel  floor  and 
the  z  axis  is  horizontal  or  across  the  stream. 

Extensive  measurements  were  made  of  the  correlation  coefficients  (Counihan  1969b)  with 
a  view  to  not  only  establishing  the  integral  length  scales  of  turbulence  in  the  boundary  layer  but 
also  to  pocsibly  gaining  some  insight  into  how  the  system  that  produces  the  simulated  boundary 
layer  vorks.  A  more  detailed  investigation  into  how  the  system  works  would  require  measurements 
of  many  more  correlations  than  those  obtained  in  these  tests.  The  measurements  also  established 
the  invariance  of  the  correlation  in  axial  and  spanwise  directions. 

6.1  Measurements  of  Ruu  (o,r,o)  and  Ruu  (o,o,r) 

Typical  measurements  of  these  correlations  at  various  parts  of  the  boundary  layer  are 
presented  in  Fig.  8,  9  and  10.  As  can  be  seer  in  Fig.  8  and  9  the  vertical  turbulent  length 
scales  increase  with  increase  of  h/H  upto  0.25  for  positive  separations.  Above  this  height  the 
trend  tends  to  reverse  but  the  effect  is  not  very  pronounced  and  the  mean  length  scale  can  be 
taken  as  being  reasonably  constant. 

The  correlations  on  Fig.  9  clearly  indicate  a  peculiarity  of  the  flow  which  was  not 
measurable  from  fixed  points  lower  down  in  the  boundary  layer  (Fig.  8).  This  is  taken  to 
indicate  that  there  is  a  secondary  eddy  or  length  scale  in  the  simulated  flow,  which  can  be 
explained  as  follows.  If  it  can  be  assumed  that  there  is  some  inward  flow  to  the  base  of  the 
generator  near  the  top  which  increases  the  local  velocity,  then  these  measurements  can  be 
associated  with  a  generator  'tip  effect*.  Reference  to  Fig.  3  shows  that  there  is  a  sudden 
increase  in  the  velocity  gradient  (du/dy)  near  the  top  of  the  boundary  layer  at  the  generator 
centre-line  and  a  measurable  increase  of  shear  stress  (t)  in  the  same  region.  Since  the 
production  of  turbulence  is  a  function  of  the  product  of  these  quantities  (t  du/dy)  it  can  be 
assumed  that  the  hump'  in  the  correlation  measurements  is  associated  with  this  effect.  The 
irregularity  decreases  with  increase  of  downstream  distance  and  clearly  tends  to  lead  to  an 
apparent  extension  of  tb •  length  scale  and  is  less  distinguishable  as  a  secondary  eddy.  It  was 
assumed  that  this  effect  did  not  seriously  infli .nee  the  main  flow  in  the  simulated  boundary  layer. 

I'1  the  measurements  at  the  span  centre-line  there  was  a  tendency  for  the  correlations  to 
go  slightly  negative  at  large  positive  separations  (Counihan  196%).  It  was  initially  thought  that 
this  might  be  due  to  some  interaction  of  the  main  flow  with  the  tunnel  roof  boundary  layer. 

However  since  the  effect  decreases  with  increase  of  distance  downstream  this  does  not  appear  likely 
It  seems  more  probable  that  it  is  associated  in  some  way  with  the  barrier  and  it  can  be  assuDuu 
that  the  motion  is  not  a  dominant  one. 

Typical  measurements  of  the  correlation  of  the  longitudinal  turbulent  velocity  for  lateral 
separations  ere  shown  in  Fig.  10.  The  results  indicate  an  increase  of  length  scale  with  height 
which,  lower  down  in  the  boundary  layer,  ia  far  more  pronounced  than  that  shown  for  the  vertical 
separations.  This  trend  is  persistent  up  to  a  height  of  h/d  -  0.40.  The  correlation  also  show  a 
clearly  defined  trend  in  froing  negative  at  large  separations.  It  is  possible  that  some  degree  of 
periodicity  -xists  in  the  lower  sections  of  the  boundary  layer  where  mixing  caused  by  the  barrier 
would  be  less  vigorous  than  that  higher  up.  This  periodicity  would  be  due  to  rows  of  vortices 
being  shed  at  any  given  height  in  the  x-z  plane  by  the  row  of  generators. 

It  appears  from  the  correlation  measurements  that  the  turbulenc*  length  scales  are  an 
approximate  function  of  the  generator  spacing  since  Ruu  (o,r,o)  ■+  0  at  a  separation  corresponding 
to  the  generator  span  and  Ruu  (o,o,r)  -*■  0  generally  at  s  separation  of  half  a  span. 


6 . 2  Comparison  of  Correlation*  with  Natural  Boundary  Layer  Data 


le  order  to  establiah  whether  in  fact  the  measured  correlation*  war*  typical  of  those 
found  in  boundary  layer*,  the  result*  were  compared  with  sinilar  measurements  by  Grant  (1958)  in 
a  natural  boundary  layer.  A  natural  boundary  layer  being  that  grown  on  a  flat  plata  under  lab¬ 
oratory  condition*.  The  cot^arison  of  the  correlation*  for  vertical  separation  is  shown  in 
Pig.  11.  Clearly  the  correlation* are  of  a  sinilar  fora  and  the  scales  a  sinilar  sa.se  to  those 
■assured  by  Grant.  Th*  only  discrepancy  i»  that  higher  up  in  the  boundary  layer  Grants  length 
scales  tend  to  be  slightly  larger.  The  sane  conclusion*  can  be  drawn  frost  Fig.  12  where  tha 
correlation*  for  lateral  separation*  ar*  presented.  It  can  therefore  be  attuned  that  the  flow  in 
the  simulated  boundary  layer  i*  representative  of  natural  boundary  layer  flow  regarding  tha 
integral  length  scales  of  the  longitudinal  turbulence  and  tha  characteristic  shapes  of  the 
different  correlation  distribution*. 

6.3  Comparison  of  tha  Correlations  with  Atmospheric  Boundary  layer  Data 

Since  tha  similarity  of  tha  simulated  and  natural  boundary  layer  flows  has  been 
established,  the  measurements  can  now  be  concaved  with  tha  corresponding  correlation  measurements 
of  Hams  (1968)  in  an  atmospheric  boundary  layer  over  rural  terrain. 

As  can  be  noted,  the  correlation!  are  plotted  against  the  non-dimensional  distance  r/H, 
where  H  is  equivalent  to  4  the  boundary  layer  height.  Therefore  some  height  sust  be  adopted  for 
the  atmospheric  boundary  layer  appropriate  to  the  relevant  conditions  in  order  to  compare  the  data. 
In  accordance  with  Davenport*  paper  (1963)  regarding  the  dependence  of  the  atmoepheric  boundary 
layer  height  on  the  surface  roughness  length  (Z0),  it  was  initially  assumed  that  the  height 
appropriate  to  tha  terrain  of  Harris'*  measurements  was  of  the  order  of  300  m  (1000  ft).  However 
e  comparison  of  the  full  acele  result*  with  thoss  in  the  simulated  boundary  layer,  on  this 
asauaption,  showed  that  the  atmospheric  boundary  layer  length  scales  were  approximately  twice  those 
of  the  simulated  boundary  layer.  Therefore  on  the  basis  of  the  conclusion*  already  stated  in 
Saction  6.2  regarding  the  similarity  of  the  flow  in  the  simulated  and  natural  boundary  layers  it 
waa  decided  to  assume  s  height  of  600  m  (2000  ft)  for  the  atmospheric  boundary  layer.  All  of  the 
comparisons  with  fulltcale  data  presented  in  this  paper  have  been  baaed  on  this  assumption  of 
600  o  (2000  ft)  for  the  height  of  the  atmospheric  boundary  layer. 

The  simulated  and  atmospheric  boundary  layer  correlations  are  shown  in  Fig.  13  and  14. 

In  general  the  full  size  length  scales  are  slightly  greater  than  those  of  the  simulated  boundary 
layer.  However  it  can  be  reasonably  assumed  that  a  satisfactory  simulation  of  the  turbulence 
length  scales  of  an  atmospheric  boundary  and  correlation  distributions  of  the  right  form  have  been 
achieved. 


It  was  noted  that  Harris'*  fullscale  auto-correlation  data  did  not  tend  asymptotically  to 
zero  for  large  time  delays.  This  euggested  the  presence  of  some  error  in  the  results.  Approximate 
corrections  have  been  derived  for  these  by  Scriven  (1969)  assuming  that  unconelated  spurious  data 
waa  added  to  the  signal.  Application  of  the  correction  results  in  a  better  agreement  between 
simulated  and  atmospheric  boundary  layers  since  it  reduces  the  full  size  length  scales. 

However  it  is  also  of  interest  to  note  that  Grants  measurements  (1958)  of  the  correlation 
of  the  longitudinal  turbulent  velocity  for  longitudinal  separation*  tends  to  suggest  that  the 
correlation  takes  longer  to  reach  zero  than  theoretically  predicted.  The  indications  from  this  are 
that  correction  of  Harris's  results  may  lead  to  over  correction.  Clearly  more  atmospheric 
boundary  layar  data  is  desirable  in  order  to  prove  or  disprove  the  argument. 

Another  point  worth  noting  alao  arises  from  the  preceding  analysis.  If  the  ratio  of 
the  integral  length  scale  of  turbulence  to  the  boundary  layer  thickness  is  the  same  for  both  the 
atmospheric  and  simulated  boundary  layer*,  for  the  same  roughness  conditions,  then  measurement  of 
the  atmoepheric  length  scale*  may  provide  a  suitable  method  by  which  the  thickness  of  atmospheric 
boundary  layers  could  be  defined. 

7.  DISCUSSION 


In  general  tha  simulated  boundary  layer  does  not  possess  any  significant  spanwisa 
variations  of  the  measured  parameter*.  It  is  also  santibly  constant  in  a  streamwiss  direction 
ova.  that  section  of  a  wind  tunnel  which,  it  i*  anticipated,  would  be  occupied  by  the  model  under 
teat.  The  method  of  simulation  reproduces  all  of  the  known  important  parameter*  to  a  degree  of 
accuracy  that  makes  the  simulated  boundary  layar  comparable  to  a  isturaily  grown  rough  wall 
boundary  layar.  However  it  is  worthwhile  making  some  point*  concerning  the  simulation  method  used 
and  the  flow  produced  by  it. 

The  attainment  of  a  velocity  profile  approximating  to  the  l/7th  Fewer  law  was  not  the 
sine  qua  non  of  the  eimul^tion  but  was  merely  cboaan  as  a  convenient  and  useful  basis  on  which  to 
build  tha  present  simulation.  Tha  profile,  however,  i*  typical  of  that  obtained  over  rural  terrain. 
It  is  assumed  that  tha  principles  of  the  system  adopted  here  can  ba  developed  tc  include  simulation 
of  the  flow  over  a  vide  range  of  conditions  varying  from  built-up  areas  to  flat  open  country. 


14.7 


Tie  assumption  of  a  height  of  600  m  (2000  ft)  for  atmospheric  boundary  layer  flow  over 
rural  terrain  has  given  satisfactory  agreement  regarding  the  length  scares  and  spectre  of 
longitudinal  turbulence.  Obviously  some  sources  of  error  still  remain  since  the  boundary  layer 
height  cannot  be  defined  as  precisely  as  one  would  like  and  since  tha  choice  of  the  value  of  the 
length  L  seemt>  to  scam  extent,  to  be  open  to  doubt. 

However,  on  the  basis  of  the  present  knowledge  it  can  be  assumed  that  tha  scale  of  the 
simulation  in  the  C.E.R.L.  boundary  layer  tunnel  to  the  atmoepheric  boundary  layer  is  of  the  order 
of  4000:1.  It  is  important  that  the  correct  scaling  factor  is  used  since  it  affects  the  sise  of 
models  used  in  wind  tunnel  tests  for  measurement  of  both  static  and  dynamic  loads  on  structures. 
Incorrectly  scaled  models  will  give  some  degree  of  error  in  static  load  maasuramanta  because  of 
incorrect  local  Reynolds  numbers,  and  will  give  wrong  correlations  of  dynamic  loads  due  to  tha 
ratio  of  the  eddy  to  building  sites  being  incorrect.  Ths  importance  of  th~  eddy  to  building  sise 
ratios  has  been  discussed  at  some  length  in  Davenport  (1963b). 

It  is  also  of  interest  to  note  the  effects  of  this  change  of  boundary  layer  height,  i.e. 
600  m  (2000  ft)  instead  of  300  m  (1000  ft),  with  respect  to  plume  dispersion  teats  in  the 
simulated  flow.  The  current  height  of  power  station  smoke  stacks,  for  example,  is  of  the  order  of 
180  m  (600  ft).  Therefore  a  scaled  stack  in  a  scaled  600  m  (2000  ft)  boundary  layer  should  not  be 
influenced  by  the  secondary  flow  effects  of  the  simulated  boundary  layer  (Section  6.1).  These 
irregularities  are  confined  to  the  top  of  the  boundary  layer  so  that  by  the  time  the  plume  will 
have  dispersed  into  this  region  it  will  he  sufficiently  far  downstream  for  these  secondary  flow 
effects  to  have  become  negligible. 

If  it  could  be  assumed  that  the  atmospheric  boundary  layer  in  neutral  cr-ditions  has  a 
mean  height  of  say  600  m  (2000  ft),  regardless  of  surface  roughness,  this  would  considerably 
simplify  the  design  of  wind  tunnel  models  and  tests  for  wind  loading  experiments.  Shellard  (1963) 
suggests  that  better  agreement  with  meteorological  readings  is  obtained  by  the  adoption  of  a  common 
height  for  the  atmospheric  boundary  layer  and  considering  the  present  lack  of  data  this  seems  to 
be  the  more  realistic  approach  tc  take.  Measurement  of  the  integral  length  scales  of  turbulence 
in  the  atmospheric  boundary  Icyer  may  provide  a  useful  method  of  obtaining  the  required  boundary 
layer  height  data. 

a.  conclusions 


It  can  be  concluded  that  adequate  representation  of  a  neutral  atmospheric  boundary  layer, 
regarding  both  general  characteristics  and  flow  structure,  can  be  obtained  in  a  wind  tunnel  using 
the  above  method.  The  terrain  simulated  is  that  appropriate  to  open  country. 

Although  some  secondary  flow  effects  are  present  in  the  simulated  boundary  layer  these 
are  not  considered  to  be  particularly  significant.  It  is  suggested  that  measurement  of  the 
integral  length  scales  of  turbulence  may  provide  a  basis  from  which  to  define  the  physical 
atmospheric  boundary  layer  heights. 
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SUMMARY 


A  2~ft-wi.de  by  6-in. -deep  by  10-ft-long  open  non-re circulating  water  channel  was  used  for 
investigations  of  stratified  shear  flows.  This  channel  employs  porous  foam  material  at  the  inlet 
to  shape  the  velocity  profile  and  hot  water  nozzles  to  impose  a  temperature  gradient;  flexible  side 
walls  allow  adjustment  of  the  radius  of  curvature  in  the  horizontal  plane.  Maximum  flow  velocity 
is  about  1.0  ft/sec.  Straight-channel  results  correlate  with  the  stability  theories  of  Drarln  and 
others  in  which  unstable  conditions  are  defined  in  terms  of  dimensionless  wavenumber  and  Richardson 
number  Examples  are  given  in  which  the  results  are  used  in  analyses  of  clear  air  turbulence 
encounters  associated  with  mountain  lee  waves.  It  is  concluded  chat  the  results  are  useful  in  pre¬ 
dicting  turbulence  within  thin,  initially  stable  shear  layers  which  undergo  destabilizing  undula¬ 
tions  such  as  occur  in  orographic  and  shear-gravity  wave3. 

This  leseerch  was  sponsored  by  the  National  Aeronautics  and  Space  Administration,  Washington, 

L  under  Contract  NASW-15B2. 
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There  continues  to  be  considerable  Interest. 

In  the  nature  and  causes  of  clear  air  turbu¬ 
lence.  Fundamental  questions  remain  regarding 
the  origins  of  artaln  types  of  CAT.  Cnee 
these  origins  eu-  determined,  improved  criteria 
for  predicting  the  occurrence  of  CAT  can  be 
dsvaloucd  ou,d  possible  methods  for  its  detec- 
tttii  and  avoidance  can  be  evaluated. 

CAT  is  usually  associated  with  flow  systems 
having  wind  shear  and  density  gradients,  and 
sometimes  with  curvature  of  the  streamlines. 

The  UARL  Open  Water  Channel  allows  laboratory- 
scale  fluid  mechanics  Investigations  of  such 
flows  to  be  conducted. 

Accordingly,  the  principal  objectives  of  the 
investigations  reported  herein  were:  (i)  to 
gain  increased  understanding  of  the  nature  and 
causes  of  CAT,  (2)  to  develop  improved  criteria 
for  predicting  neutrally  stable  states  in 
atmospheric  flew  systems,  and  (3)  to  compare 
the  results  of  this  research  with  available 
meteorological  data  and  attempt  correlations. 

The  paper  contains  three  main  sections  —  a 
description  of  the  equipment  and  procedures 
used  in  the  fluid  mechanics  experiments,  a  dis¬ 
cussion  of  an  investigation  of  the  stability  of 
straight,  stratified  shear  flows,  and  a  discus¬ 
sion  of  the  application  of  the  results  to  atmo¬ 
spheric  shear  flows.  Additional  investigations 
in  the  present  program  which  are  not  discussed 
herein  Included  experiments  with  an  os  Hating 
plate  to  Induce  disturbances  in  a  shear  layer, 
experiments  with  s tending  shear-gravity  waves, 
experiments  with  the  channel  walls  curved,  and 
meteorological  analysis  of  six  clear  air  turbu¬ 
lence  encounters  from  airline,  military,  and 
NASA  experience. 

DESCRIPTION  OF  EQUIIMEKT 
AND  PROCEDURES 

Figure  15-1  is  a  sketch  of  the  UARL  Open 
Water  Channel  Indicating  its  major  features. 
This  facility  provides  a  2-n-wide  by  6-in.- 


deep  by  10- ft- long,  non- recirculating,  open 
channel  flow.  The  iucite  side  wall3  can  be 
adjusted  from  the  straight- channel  position 
(shown  by  the  solid  lines  in  Fig.  15-1)  to  anv 
desired  curved-channel  ^sition  (shown  by  the 
dashed  lines)  with  the  minimum  centerline  radius 
of  curvature  being  about  6  ft.  The  flow  is 
ilium! -  a-cea  from  beneath  the  glass  floor  using 
fluorescent  lights. 

Tapered  filter  beds  made  from  a  porous  foam 
material*  bonded  to  porous  stainless  steel 
supporting  str"-turea  are  used  to  ir.  reduce 
desired  vertic  and  transverse  velocity  pro¬ 
files  at  the  upstresm  end  of  the  channel  (Fig. 
15-1).  Several  different  adjustable  porous  and 
nonporous  sluices  are  used  at  the  downstream  end 
of  the  channel.  They  provide  usable  mean 
channel  velocities  up  to  about  1.0  ft/sec. 

Hot-water  nozzles  in  the  plenum  are  used  to 
introduce  vertical  and  transverse  temperature 
gradients  end,  hence,  density  stratification. 
Figure  15-1  shows  schematically  the  nozzles  used 
to  create  vertical  gradients;  twelve  suen 
nozzles  are  actually  located  in  the  plenum. 

The  coordinate  system  used  to  describe  points 
in  the  flow  is  also  Indicated  in  Fig.  15-1.  Tta 
central  region  of  the  channel  away  from  the 
floor  and  side-wall  boundary  layers  and  sway 
from  the  free  surface  1b  the  region  of  primary 
interest .  The  gradients  attainable  in  this 
central  region  vary  with  the  local  temperature 
of  the  water  end  with  the  shear-layer  thickness. 
The  approximate  ranges  in  tests  reported  herein 
were : 

0.02  -  V  <  0.5  ft/sec 
-3-5  *-  3V/sz  c  +  3.5  sec'1 
40  <  T  100  F 
0  -=  OT/az  -=  +  135  deg  F/ft 
Use  was  made  of  the  curves  in  Fig.  15-2 
(derived  from  tabulated  data  in  Ref.  15-1 )  for 
calculating  the  Richardson  number, 

Ri  *  (-g/p)(Bp/9T)(aT/az)/(3V/9z)2  (15-1) 

for  these  flow  conditions.  The  range  of 


*  Scott  industrial 
Street,  Chester, 


Foam,  a  product  of  the  Scott  Paper  Company,  Foam  Division,  1500  East  Second 
Pannayl vania,  U.S.A. 
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Richer  la  c*i  number  was  frcs  0  (for  ar/9 »  ■  0)  to 
near  Infinity  (fur  w/»z  approaching  0). 

The  Reynolds  numbers  per  -.salt  length  in  the 
channel  vary  over  wide  ranges  due  to  the  wide 
ranges  of  both  velocity  and  temperature.  In 
the  present  investigation,  the  minimum  value 
was  Re/i  »  1200  per  ft  for  V  «  0.02  ft/see  and 
T  «  ho  F;  the  maximum  was  Re/l  «  67,800  per  ft 
for  V  «  0.5  ft/sec  and  T  «  100  F. 

The  floor  of  the  channel  slopes  downward, 
slightly  toward  the  sluice.  Thus,  some  provi¬ 
sion  is  made  for  floor  boundary  layer  growth, 
nevertheless,  care  must  be  taken  to  assure 
th*t  observations  are  not  influenced  by  this 
boundary  layer,  particularly  at  low  channel 
speeds.  Care  must  also  ba  taken  to  assure 
that  the  blocking  effect  of  the  sluice  under 
low-  ,e!oeity,  strong- stratification  conditions 
does  not  influence  the  observe*  tr-- , 

B jutrally  buoyant  fluorescent  aye*  is  used 
to  obtain  qualitative  information  about  the 
nature  of  the  flow,  e.g.,  for  cb serving 
Internal  waves,  vortices  and  turbulence.  It 
can  also  b*  used  to  determine  the  wavelengths 
of  internal  waves.  The  dye  Is  injected 
through  0.020-ln.-ID  stainless  steel  hypo 
tubes  located  immediately  upstream  of  the 
tapered  filter  bed. 

Measurements  of  the  velocity  profiles  are 
made  using  the  hydrogen  bubble  -'re  technlqu. . 

A  voltage  is  applied  to  a  0. 001-in. -di* 
platinum  wire  extending  from  the  channel  floor 
through  the  surface  of  the  water.  Hydrogen 
bubbles  are  generated  by  electrolysis.  The 
voltage  may  be  pulsed  to  generate  chains  of 
bubbles  which  drift  downstream  with  the  flow. 
The  local  velocity  can  be  determined  from 
photographs  of  the  chains. 

A  DISA  Type  55001  constant- temperature  ane¬ 
mometer  la  used  with  Type  55A£l  wedge-shaped 
hot-film  probes  for  mseaureannts  of  velocity 
fluctuations.  Temperature  measurements  were 
made  using  a  standard  submersible  mercury- 
filled  thermometer. 

INVESTIGATION  OF  THE  STABILITY 
OF  STRAIGHT,  STRATIFIED  SHEAR  FLOWS 

Introduction 

The  primary  purpose  of  the  fluid  mechanics 
program  was  to  experimentally  examine  the 
stability  characteristics  of  straight,  strat¬ 
ified  shear  flown.  To*  sad  objective  was  to 
apply  the  results  to  thin,  initially  stable 
shear  flews  occurring  in  the  atmosphere. 
Accordingly,  the  program  was  directed  toward 
three  areas:  (1)  answering  certain  questions 
concerning  the  conditions  under  which  such 
flows  become  unstable,  v 2 )  uetwriainlug  the 
characteristics  of  the  flow  during  ths  initial 
phases  of  breakdown,  and  (3)  verifying  one  or 
more  of  the  existing  theoretical  criteria  for 
subaequant  uaa  in  studying  ataospbsrle  shear 
flows. 


A  auasary  of  theoretical  stability  criteria 
for  straight,  mviseid,  strati iied  shear  flows 
appesrs  ir.  Ref.  15-2.  Of  the  references  cited 
therein,  the  most  pertinent  to  the  present 
investigation  are  by  Draain  (Ref.  15-3),  Drarin 
and  Howard  (Ref.  15-4),  and  Miles  and  Howard 
(Ref.  15-5).  Two-dimensional  flow  is  assumed 
and  analytic  functions  are  used  to  represent 
the  vertical  profiles  of  velocity  and  density. 
Small,  finite  disturbances  are  introduced  using 
a  perturbation  stream  function.  Stability 
criteria  are  derived  In  terms  of  a,  d,  and  Ri, 
where  a  is  the  wavenumber  of  the  disturbance 
(  er»  2i?/A  — A  is  the  wavelength),  d  la  half 
the  shear- layer  thickness  (d  »  (AV)/2(SV/9z)0— 
£V  la  the  velocity  difference  across  the  shear 
layer  and  (av/az)0  is  the  shear),  and  Rl  is 
Rlchardaon  number. 

The  hyperbolic  tangent  velocity  profile 
assumed  by  Draain  (Ref.  15-3)  most  closely 
approximates  the  profiles  that  car.  be  estab¬ 
lished  In  the  channel  by  proper  shaping  of  the 
tapered  filter  bed.  Drazln  derives  the  follow¬ 
ing  equation  for  the  neutral  boundary  on  the 
«d-Rl  plana: 

ad  *  vWi-Ri  (15-2) 

Regions  of  stable  and  unstable  flow  are  shown 
in  the  sketch: 


This  criterion  Indicates  that  the  flow  would  be 
stable  for  disturbances  of  all  dimensionless 
wavenumbers,  ad,  for  Ri  »  0.25.  For  Rl  «=  0.25, 
it  would  be  unstable  for  dimensionless  wavenum¬ 
bers  which  lie  inside  the  boundary.  Similar 
results  are  given  by  the  other  theories.  The 
boundaries  differ  slightly  for  different  assumed 
profiles,  but  the  maximum  Ri  for  instability  is 
0.25  for  all  profiles. 

The  preceding  theoretical  considerations 
formed  the  basis  for  planning  the  experiments. 
Several  important  natures  needed  to  be  verified 
and/or  investigated  experimentally  to  provide 
information  for  the  analyses  of  atsnepheric 
shear  flows.  It  was  desirsd  to  verify  ths  die- 
ersts  wave-liks  naturs  of  ths  initial  distur- 
bancs  and  to  obtain  a  method  for  sstimatlng  ths 
wavelengths  that  occur.  Next,  it  was  dssired  to 
obssrve  ths  atagss  through  which  initial  dietur- 


*  'Jr antes  concentrate  powder  ir.  water;  concentrate  available  free:  Sagamore  Color  &  Chemical  Co., 
62  Braintree  Street,  Alston  Sta. ,  Boston,  Mass.,  U.S.A. 
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bancer  proceed  to  break  down  into  turbulence  ; 
the  greater  the  number  of  vavelengths  that 
occur  upstream  of  the  turbulence,  the  greater 
the  probability  of  detecting  small  wave.;  on 
isentropes  upstream  of  turbulent  region.,  in 
the  atmosphere.  It  was  also  desired  to  deter¬ 
mine  whether  or  not  Drazin's  criterion,  or  a 
similar  criterion,  could  be  broadly  applied  to 
shear  flows  without  detailed  consideration  of 
every  small  "kink"  in  the  velocity  and  density 
profiles.  Finally,  it  was  hoped  that  the 
results  would  provide  further  evidence  that 
Ri  =  0.25  should,  in  fact,  be  used  as  a 
critical  Richardson  number  in  atmospheric 
analyses . 


Experimental.  Results 


Profiles 

Velocity,  temperature,  and  density  profiles 
within  5  to  10  in.  downstream  of  the  filter  bed 
for  three  typical  flow  conditions  are  shown  in 
Fig.  15-3.  'The  corresponding  velocity  and 
density  profiles  in  Drazin's  theory  u-c  shown 
by  the  dashed  lines.  These  profiles  show  the 
typical  dlfferen,  that  existed  between  water 
channel  velocity  profiles  and  the  corresponding 
ideal  hyperbolic  tangent  profiles  of  Drazin. 

Over  the  central  portion  of  the  shear  layer  the 
similarity  was  good.  The  differences  usual'  - 
appeared  near  the  edges  of  the  shear  layer 
(particularly  near  the  low- velocity  edge). 
Further  comments  on  the  small  influence  which 
these  differences  appear  to  have  on  the  stabi¬ 
lity  of  the  flow  are  included  later  in  the 
paper. 

Tin  three  velocity  profiles  ail  show  positive 
shear,  l.e.,  3V/3Z  •  0.  Many  tests  were  run 
with  inverted  filter  beds  (foam  material  thicker 
above  the  shear  region  than  below  it)  so  as  to 
create  negative  shear,  i.e.,  3 V/  3z  «•  0.  The 
only  effect  of  the  change  in  sign  of  the  shear 
was  to  reverse  the  circulation  of  the  vortices 
which  formed  in  the  breakdown  region. 

The  experimental  and  theoretical  density 
)trofiles  (Fig.  15-3)  were  similar  over  only  a 
portion  of  the  shear  layer.  The  reason  for 
this  is  that  3p/3T  is  a  strong  function  of 
water  temperature,  particularly  at  low  tempera¬ 
tures  (Fig.  15-2).  Control  of  density  in  the 
channel  could  be  improved  if  provision  were 
made  to  preheat  all  of  the  incoming  water  from 
its  temperature  in  the  main  to  peihaps  60  or 
70  F  * 


Breakdown  of  Flow 

Figure  15-1*  illustrates  the  stages  observed 
as  the  flow  in  the  shear  layer  breaks  down. 

There  are  four  very  distinct  and  repeatable 
stages  which  occur;  dye  traces  illustrating  the 
phenomenon  are  shown  in  the  sketch  and  in  the 
photographs.  The  photographs  were  taken  through 
the  lucite  side  wall  (Fig.  15-1);  the  flow  is 
from  left  to  right.  The  scale  appearing  in  the 
photographs  was  immersed  in  the  flow  close  to 
the  dye  traces . 


In  Fig.  15-4(a),  the  flow  appears  undisturbed. 
Neither  the  dyt  traces  no-  the  hydrogen  bubble 
trace i  show  visual  evidence  of  any  perturbati or. . 

In  Fig.  15-4 (t),  which  is  9  in.  further  down¬ 
stream,  the  center  dye  trace  indicates  the  pre¬ 
sence  cf  a  wave  amplifying  as  it  progresses 
dcamstre.ua.  The  flow  was  approximately  two- 
dimensional,  i.e.,  the  wave  extended  across  the 
channel. 

In  Fig.  15- -(c),  which  is  another  19  in.  down¬ 
stream,  the  waves  have  rolled  up  into  vortices. 

The  circulation  of  the  vortices  has  the  same 
sense  as  the  vorticity  introduced  by  the  shear — 
the  shear  is  negative  in  this  flow  condition, 
and  all  of  the  vortices  rotated  counterclock¬ 
wise.  These  vortices  grer  slightly  in  size  as 
they  drifted  downstream.  Their  downstream  drift 
velocity  was  checked  and  found  to  be  approxi¬ 
mately  V  ,  the  velocity  upstream  at  the  center 
of  the  shear  layer.  The  flow  was  also  deter¬ 
mined  to  be  two-dimensional,  at  this  stage.  (The 
small  kinks  in  t*-e  dye  streamer  in  the  lower 
left  center  of  the  photograph  axe  not  related 
to  the  flow  pattern.  These  occur  occasionally 
when  a  drop  or  two  of  dye  that  is  slightly  more 
dense  than  the  rest  comes  through  the  probe.) 

In  Fig.  15-b(d),  which  is  another  28  in  •  UOWii- 
stream  —  66  in.  downstream  of  the  filter  bed  — 
the  vortices  have  "burst"  and  the  flow  appears 
turbulent.  The  fluid  motions  were  three- 
dlmensiona1  at  this  stage. 

These  observations  are  in  agreement  with  the 
theoretical  analysis  of  Michalke  (Ref.  15-6'. 

He  calculated  lines  of  consent  vorticity  and 
streaklines  for  a  hyperbolic  tangent  velocity 
profile  for  Ri  «  0.  His  results  show  concentra¬ 
tions  of  vorticity  which  superimpose  a  rotational 
motion  on  the  basic  flew.  The  observations  are  also 
similar  to  those  of  Freymuth  (Ref.  15-7).  In  an 
experiment  with  a  free  air  Jet,  he  excited  dis¬ 
turbances  in  the  high-shear  region  using 
acoustic  waves.  His  smoke  i  ices  show  a  similar 
development  pattern. 


Comparison  with  Criteria 

Figure  15-5  is  a  summary  of  the  results  and 
a  comparison  with  Drazin's  theoretical  criterion. 
Each  flew  condition  at  which  waves  were  observed 
is  identified  by  a  poi:  rn  the  plot  of  ad  vs 
Ri .  The  value  of  the  wavelength  used  to  compute 
a  was  obtained  from  the  dye  trace  photographs. 

The  different  symbol*  in  Fig.  15-5  denote  dif¬ 
ferent  flow  characteristics  that  were  observed. 


which  only  waves  were  observed;  ihat  is,  the 
waves  extended  the  entire  length  of  the  channel 
without  transitioning  to  vortices.  The  wave¬ 
lengths  of  these  waves  ranged  from  about  3  to 
6  in.  The  flags  shown  on  the  open  circle  symbols 
in  the  symbol  block  indicate  the  nature  of  the 
disturbances  observed  —  for  ex&spie ,  ss&ll- 
amplitude  waves  (such  as  those  in  Fig.  15-b(b)) 
which  persisted,  waves  which  seemed  to  grow  in 
amplitude  to  a  certain  point  and  then  not  grow 
further  as  they  progressed  downstream,  and  waves 
which  appeared  in  the  flow  only  intermittently . 
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The  hai '•'-.solid  symbol  denotes  flow  conditions 
at  which  the  waves  transitioned  to  vortices  but 
did  not  transition  to  turbulence  before  reach¬ 
ing  the  downstream  end  of  the  channel.  The 
full-solid  symbol  denotes  flow  conditions  at 
which  the  full  sequence  of  events  occurred  — 
waves,  vortices,  and  turbulence.  The  crosses 
with  the  subscript  "sv"  indicate  conditions  at 
which  no  waves  of  the  type  associated  with 
instability  occurred,  but  at  which  standing, 
long-wave length  (12  to  24  in.),  shear-gravity 
waves  occurred.  The  crosses  at  the  bottom  of 
the  plot  indicate  values  of  Ri  at  which  no 
waves  of  any  kind  were  observed. 

Most  of  the  observations  are  in  reasonably 
good  fig  eeiaesit  with  Drazin's  boundary.  All 
cases  at  which  full  transition  was  observed 
fall  in  the  unstable  region.  The  four  cases 
which  fall  above  the  boundary  and  at  Rd * 0.25 
can  b-  attributed  to  differences  between  the 
experimental  velocity  profile  and  Drazin's 
hyperbolic  tangent  profile  (this  point  is  dis¬ 
cussed  later).  The  intermittent  waves  indi¬ 
cated  at  Ri  »  0.428  and  the  steady  waves  e+ 

R1  «=  0.38  are  thus  the  only  unexplainable 
points . 

The  shear,  ( 3V/3z)0,  appears  to  be  the  pri¬ 
mary  factor  in  determining  whether  or  not  the 
initial  waves  transition  to  vortices  and  turbu¬ 
lence  within  the  120- in.  length  of  the  channel. 
Figure  15-6  shows  the  locations  at  which  waves, 
vortices,  and  turbulence  were  first  observed. 
These  data  arc  for  values  of  Ri  between  0  and 
0.25  (no  trend  with  Ri  could  be  seen  in  the 
data).  The  trend  indicates  that  the  distance 
downstream  at  which  waves  were  first  discernible 
(Fig.  15-6(a))  varied  inversely  with  the 
absolute  value  of  the  shear.  This  trend  can 
be  understood  by  considering  the  growth  of 
Helmholtz  waves.  If  it  is  assumed  that  the 
amplitude  of  the  initial  upstream  disturbance 
Is  independent  of  the  flow  conation  and  that 
the  wave  oust  grow  to  some  minimum  amplitude 
before  ic  can  be  observed,  then  the  amplitude 
ratio  at  which  waves  will  he  observed  will  be 
constant.  This  constant  amplitude  ratio, 
according  to  the  theory  for  Helmholtz  waves  (see 
Ref.  15-8),  will  occur  at  a  downstream  distance 
which  varies  inversely  with  the  sheer,  as  shown 
in  Fig.  15-6(a). 

Curves  have  been  drawn  through  the  data  in 
Figs.  15-6(b)  and  (e)  to  illustrate  the  general 
trends.  It  is  fairly  certain  that  most  of  the 
open  end  half-solid  symbols  in  Fig.  15-5  would 
have  been  solid  symbols  (indicating  complete 
transition  to  turbulence)  if  the  water  channel 
had  been  longer.  The  flew  conditions  at  which 
intermittent  waves  were  observed  are  exceptions. 

The  number  of  wavelengths  which  wore  observed 
between  the  first  discernible  wave  and  the  tur¬ 
bulence  varlel  with  the  shear.  Four  or  five 
distinct  wavelengths  often  occurred  upstream 
of  the  first  vortex. 

Theoretical  criteria  for  profiles  other  than 
Crazin' s  are  discussed  in  Refs.  15-2  end  15-9 


(the  latter  criteria  are  based  on  numerical 
integration  of  the  equations  of  motion  rather 
than  purely  analytical  considerations).  All  of 
these  criteria  indicate  flow  stability  for 
Ri  »  O.f;.  The  neutral  boundaries  on  the  ai 
vs  Ri  pi t  differ  somewhat,  altfc  \gh  for  velocity 
profiles  reasonably  similar  to  those  of  the 
experiments,  none  predict  instabilities  having 
ad  greater  than  about  2.  An  example  (from 
Ref.  15-9)  is  shown  in  Fig.  15-7.  Hazel's 
velocity  profiles  (.Fig.  15-?(a))  in  this  example 
are  nearly  sinusoidal;  they  resemble  the  experi¬ 
mental  profile  showr.  in  Fig.  15-3(c).  His  den¬ 
sity  profiles  also  differ  from  Drazin's,  although 
most  of  the  difference  is  outside  of  the  shear 
layer.  A  comparison  of  Drazin's  and  Hazel's 
criteria  is  shown  in  Fig.  15-7(b).  They  both 
predict  stability  for  Ri  »  0.25.  In  addition. 
Hazel's  criterion  indicates  that  somewhat 
shorter  wavelengths  (larger  values  of  ad)  might 
be  observed  in  unstable  flows  having  velocity 
profiles  which  differ  significantly  from  the 
hyperbolic  tangent  profile.  The  data  points 
'.love  the  boundary  in  Fig.  15-5  might  be  in  this 
category. 

Concluding  Remarks 

Hie  experiments  tend  to  confirm  the  theoretical 
criteria  of  Drazin  and  others.  The  theoretical 
criteria  of  Hazel,  which  are  for  different 
velocity  and  density  profiles,  are  different 
from  Drazin's  criterion  only  in  that  one  slight 
expect  to  observe  somewhat  shorter  wavelengths 
in  unstable  shear  layers.  Drazin’s  boundary, 
however,  would  be  expected  to  provide  reasonably 
good  estimates  of  the  wavelengths  that  might 
occur.  The  experiments  and  all  of  the  theories 
indicate  that  0.25  should  be  used  as  the  critical 
Richardson  number.  Finally,  as  many  as  four  or 
five  wavelengths  were  often  observed  upstream  of 
the  first  discernible  vortex;  thus,  it  is  rea¬ 
sonable  to  expect  that  several  distinct  waves 
might  be  observed  in  the  isentropes  when  insta¬ 
bilities  occur  in  atmospheric  shear  layers . 

APPLICATION  TO  ATMOSPHERIC 
SHEAR  FLOWS 

Introduction 

It  as  well  known  that  stratified  shear  layers 
analogous  to  those  investigated  in  the  water 
channel  are  cosmos  in  both  the  ocean  and  the 
atmosphere.  For  example,  in  recent  papers  by 
Woods  (Refs.  15-10  and  15-11),  the  results  of 
in  situ  studies  of  flews  within  the  ocean's 
theraocline  were  reported.  Woods  made  detailed 
measurements  of  velocity  sad  temperature  profiles 
in  the  theraocline.  He  feuna  many  distinct 
stable  layers  up  to  about  10  cm  in  thickness  in 
which  the  shear  and/dr  the  temperature  gradient 
were  approximately  constant.  By  releasing 
neutrally  buoyant  dye  In  certain  of  these  layers, 
he  was  able  to  observe  the  flew  characteristics. 


In  some  cases,  the  layers  underwent  long-wave¬ 
length  undulating  motions  —  wavelengths  up 
to  about  30  meters  and  amplitudes  up  to  about 
1.0  meter  —  and  the  flea?  vithln  the  layers 
appeared  to  transition  to  turbulence.  Wood's 
dye  trace  photographs  of  these  transition 
regjor-  are  very  similar  to  dye  trace  photo- 
grap  >f  shear-layer  breakdowns  observed  In 
the  witer  channel.. 

Woods  pointed  out  that  these  breakdowns 
vitnin  initially  stable  layers  were  a  direct 
result  of  the  long-wavelength  undulating 
motions.  He  used  an  equation  he  obtained  from 
a  theoretical  development  in  Phillips  (Ref. 
15-12)  to  show  that,  for  certain  layer  and  long¬ 
wave  conditions,  the  change  in  shear  which 
occurs  within  the  layer  as  the  flow  approaches 
a  peak  or  trough  of  the  long  wave  can  cause 
the  local  Richardson  number  to  decrease  below 
Ri  =  0.25.  Hence,  the  flow  becomes  unstable. 

Woods  and  other  investigators  have  recognized 
that  similar  flow  conditions  could  exist  in  the 
atmosphere.  Phillips  (Ref.  15-12)  and  others 
have  discussed  the  fundamental  mechanism. 

Ludlam  (Ref.  15-13)  related  certain  types  of 
billow  clouds  and  CAT  to  instabilities  in  shear 
layers.  Other  investigators  have  made  contribu¬ 
tions  which  are  indirectly  related.  Coe  of  the 
these  is  Haymond  'Ref,  15-14);  in  WU-2  flights 
in  the  stratosphere,  he  observed  a  correlation 
between  CAT  and  layers  having  strong  tempera¬ 
ture  stratification.  Another  is  Spiliane 
(Ref .  15-1*0  who  al3o  noted  a  correlation 
between  stratospheric  CAT  over  Woomera  in  the 
Australian  desert  and  sharp,  stable  links "  in 
the  temperature  profile.  A  third  is  Hardy 
(Ref.  15-16)  who  has  obtained  radar  returns 
from  trains  of  1.0-  to  3-  or  4-nmi  waves  with 
associated  smeller-scale  turbulence  in  regions 
where  aircraft  were  reporting  CAT.  Hardy  has 
also  associated  these  waves  with  the  breakdown 
of  shear  layers. 

Analyses  were  conducted  of  several  CAT  cases 
in  which  the  mechanism  might  have  occurred. 

Two  of  these  are  described  in  this  section  of 
the  paper. 

Fundamentals  of  Flew 

A  schematic  of  the  flew  condition  is  shown 
in  Fig.  1..  3'a).  At  the  left  are  shewn  upstream 
wind  and  temperature  profiles  with  a  stable 
shear  layer  having  a  thickness  2d.  Within  this 
layer,  the  mean  wind  Is  V  and  the  mean  tempera¬ 
ture  Is  T0;  the  shear  is  (8V/3z)0  and  the 
environmental  lapse  rate  is  fft/Sn. 

At  the  right  in  Fig.  15-8(a)  is  shewn  a  por¬ 
tion  of  a  leng-veve length  wave  having  an  ampli¬ 
tude  a  (which  slight  be  2,000  or  3,000  ft)  and 
a  wavelength  (which  might  be  10  or  21  nai). 
It  is  assumed  in  this  analysis  that  the  thick¬ 
ness  of  the  shear  layer,  the  mean  temperature 
and  the  lapse  rate  all  remain  constant  as  the 
flow  within  the  shear  layer  experiences  the 
undulating  motion.  From  Phillips  (Ref.  15-12), 


toe  following  equation  for  the  increase  in  shear 
that  occurs  at  the  peak,  (see  Fig.  15-S(a))  can 
ba  derived: 

)  =  [„**  _  n*](c/Vo)  (15*3) 

For  ficus  in  the  atmosphere  instead  of  the  ocean, 

=  Brunt  -  VaisSia  frequency  = 

V^fdT/dzl-fdT/dzWf 

n  *  wave  frequency  ■  2vrV0/ A 

(3T/ds)„j  *  adiabatic  lapse  rate,  -2.98  x  10~3<ieg 

C/ft* 

This  increase  in  shear  is  added  to  the  initial 
shear.  An  expression  for  the  minimum  Richardson 
number  (which  occurs  locally  at  the  peak  in  the 
example  given  but  would  occur  at  the  trough  if 
the  ini tied  sheer  were  negative)  is 

_ Nm* _ 

R'MIN  ’  [l«Jv/d*)ol  +  aidv/dzTf"  (15-4) 

Since  »  ^-nc  under  sdl  conditions  of  interest 
(this  is  only  untrue  for  weakly  stable  lapse 
rates,  i.e.,  when  3T/9z  *  (OT/az)^),  the  expres¬ 
sion  can  be  further  simplified  to 

R'MIN  [l(QV/dl)0l  +  Nm*(°/Vo)]!  .  . 


Fran  Eq.  (15-5)  it  is  evident  that  low  values 
of  PIkIH  associated  with  large  initial  shears, 
(aV/a*)0;  with  large  long-wave  amplitudes,  a;  and 
with  low  winds,  V0.  The  effect  of  n/ot  on 
Rljgjf  can  be  seen  in  Fig.  15-8(b).  This  figure 
is  based  on  typical  conditions  under  which  moun¬ 
tain  iee  waves  are  observed.  The  curves  show 
the  somewhat  surprising  result  that  the  greater 
the  initial  stability  (i.e.,  the  greater  0T/da), 
the  lower  Ri)QN  will  be.  They  also  show  that 
slightly  stable  layers  are  not  likely  to  become 
unstable  unless  the  initial  shear  Is  large. 

Wavelengths  of  Instabilities 

The  experiments  discussed  previously  wdu  to 
confirm  the  theoretical  criteria  of  Dr at  in  and 
others.  The  critical  Richardson  number  of  0.25 
and  Dratin's  variation  of  crd  with  Ri  for  neutral 
stability  (Fig.  15-5)  was  uaad  to  predict  wave¬ 
lengths  that  might  occur  whan  an  instability 
occurs  In  an  atmoapharic  shear  flow.  These  pre¬ 
dictions  are  shown  in  Fig.  15-9.  Ranges  of 
unstable  wavelengths  ( A  In  nai )  ere  shown  aa 
functions  of  tbs  shtar-layer  thickness  (2d  in  ft) 
for  local  valuta  of  Ri  between  0.25  and  0. 

Cue  can  argue  several  different  ways  to  reach 
the  conclusion  that,  when  an  testability  occurs, 


*  Note  use  of  minus  sign  to  denote  temperature  decreasing  with  increasing  altitude 
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the  '  ive length  that  will  be  observed  will  be 
X  -  (cj/',c)  »2d.  One  viewpoint  is  that  If 
Ri  -•  0.25  at  the  peak  of  the  long -wavelength 
wave,  then  the  flow  in  the  shear  layer  mu-, 
have  experienced  Ri  -  0.25  on  the  way  up  to  the 
peak.  Since  instability  would  occur  at  Ri  = 
0.25,  the  wavelength  tha1  would  be  seen  would 
therefore  correspond  to  that  for  Ri  =  0.25,  or 
X-  (2 w/V?)  -  2d. 

All  that  can  be  said  is  that  X  =  (2w/v5")  •  2d 
should  provide  a  reasonable  estimate  of  the 
unstable  wavelengths  that  can  be  expected.  As 
shown  in  Fig.  15-9>  the  expected  wavelength  for 
2d  -  1,000  ft  is  0.7  nmi,  ana  for  2d  =  5,000  ft 
it  is  3.6  nmi.  Nieholls  (Ref.  15-17),  in 
analyses  of  his  stratospheric  lee-wave  d«ta 
over  ihr  southwestern  U.S.,  has  consistently 
found  stable  layers  from  1,000  to  5,000  ft 
thick  with  internal  waves  (as  determined  from 
reconstructed  isentropes)  having  wavelengths 
from  1.0  to  3  nmi.  These  observations  are  in 
very  good  agreement  with  the  predictions  in 
Fig.  15-9. 

Analyses  of  Cases 

California  lae  Wave  Case 

During  the  winters  of  1966-1967  and  1968-1969 
Canberra  and  RB-57F  flights  were  made  over  the 
southwestern  U.S.  to  study  stratospheric  waves 

aUUl  Wli  UIXMl  IUWMI WM I  1 1  1— —  *»a«V 

Certain  of  the  aircraft  and  radiosonde  data 
ware  transmitted  to  the  author  by  Mr.  J.  M. 
Michelle  of  the  British  Meteorological  Office 
who  participated  in  these  flights  (Refs.  15-17 
and  15-18).  All  of  the  1966- 1967  data  will  be 
published  In  Ref.  15-19- 

As  noted  previously,  by  reconstructing 
isentropes  using  radiosonde  and  aircraft  tenq- 
erature  measurements ,  Nieholls  has  found  stable 
layers  and  small-wavelength  Internal  waves  in 
■any  of  his  cases.  CAT  usually  appeared  in  the 
troughs  of  the  long-wavelength  features  d emu- 
stream  of  tbs  small  Internal  waves. 

Figure  15-1- ,  which  is  hosed  on  a  similar 
figure  provided  by  Nieholls,  shows  an  lsentrope 
for  a  flight  near  the  San  Bernardino  Mountains 
in  Southern  California  at  about  37,000  ft  on 
February  3,  1967.  The  wind  it  from  left  to 
right  (west  to  east)  in  this  figure.  According 
to  RlchoUs  (Ref.  15-18): 

"The  major  peaks  of  the  lsentrope  were  fixed 
relative  to  the  mountains,  end  the  inferred 
steUcnarity  implies  the  long-wavelength 
features  are  representative  of  mountain -wave 
airflow.  The  position  of  the  wavelets  sod 
turbulence  or  tbs  run  and  its  reciprocal  (which 
was  on  a  parallel  track  10  nmi  to  tbs  north; 
are  clearly  marked.  The  wind  direction  was 
about  50  deg  to  tbs  flight  track  and,  assuming 
all  peek  and  trough  axes  are  normal  to  the  wind 
direction,  the  true  wavelengths  would  be  Just 
about  one-half  of  those  shewn  in  the  diagram, 
l.e.,  about  0.9  nmi  for  the  wavelets,  with  a 
mountain  wave  separation  of  about  15  sad .  The 
turbulence  and  wavelets  appeared  to  be  present 
in  the  stable  air  brought  down  from  Ul,000  ft 
tqr  tbs  mountain  wave." 


Wind  and  temperature  profilet  for  this  case 
are  shewn  in  Fig.  15-11.  Two  very  stable  layers 
are  evident  at  altitudes  near  the  37,000-ft 
flight  ’evel  (Fig.  l5-il(b)).  The  upper  layer 
is  approximately  2,600  ft  thick;  the  Ricn&rdson 
number  was  cal  ulated  to  be  Ri0  =  77.6.  The 
expected  wavelength  from  an  instability  in  this 
layer  is  Xj,,^  =  (2tt/n^)  -26,000  «  11,560  ft, 
or  1,9  nmi.  The  shear  is  positive  which  would 
suggest  that  if  an  instability  were  to  occur  it 
would  be  near  a  peak  of  a  lee  wave  instead  of  near 
a  trough.  The  lower  layer  is  approximately 
900  ft  thick  ana  the  corresponding  expected  wave¬ 
length  is  Xg(2)  =  0.7  nmi.  The  Richardson  number 
for  this  layer  is  Ri0  =8.7*  The  shear  is  nega¬ 
tive,  so  that  an  instability  would  be  expected 
near  a  trough  of  a  lee  wave.  These  and  other 
characteristics  of  the  expected  waves  that  will 
be  discussed  subsequently  are  sumnarized  under 
"California  Case  in  Table  15-1. 

If  it  is  assumed  that  the  radiosonde  data  are 
representative  of  undisturb-d  conditions  upstream 
of  the  mountain  waves,  then  the  minimum  Richardson 
number  that  would  be  expected  to  occur  in  the 
stable  layer  is  given  by  Eq.  (15-U).  This  assumes 
that  the  shear  determined  from  the  radiosonde 
profile,  («V/flz)0,  is  changed  by  an  amount 
&(&r/dz)  determined  from  Eq.  (15-3)  using  the 
observed  long-wavelength  characteristics  from 
Fig.  15-10  and  the  characteristics  oi  one  ladi- 
vi duel  lay»r«  fvc*»  wig,  IS-'-1  .  Thus,  for  these 
calculations  the  following  were  used  with  tba 
appropriate  dimensional  units: 


XLH, 

•> 

To, 
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ft 

a«6  c 
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17 
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2 

17 
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deg  C/1,000  ft 
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1 
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3h 

+2.0 

2 

2.6 

55 
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Tha  results  of  these  calculations  are  shown  in 
Table  15-1  under  "RIjcn  —  based  on  A  ( JV/ #1 ) . " 

It  will  be  noted  that  the  additional  shear 
decreased  the  Richardson  nuabers  greatly,  citric  t 
application  of  the  criterion  Rlxill  -  C.25  fo- 
instabi  ty  leaaa  com  to  conclude  that  an  insta¬ 
bility  would  not  occur  and,  hence,  small  waves 
would  be  unlikely.  However,  the  calculated  value 
for  one  of  the  two  layer ■  (layer  1)  is  very  close 
to  the  critical  value.  A  slight  increase  in 
shear  -  about  64  -••  above  that'estisated  using 
Eq-  (15-3)  would  result  In  Ri  -  0.25,  In  which 
case  waves  would  be  likely. 

To  obtain  the  minimum  value  of  RIkin  that  can 
reasonably  be  derived  from  a  given  set  of  temper¬ 
ature  and  velocity  profiles,  2A(0V/0s)  can  be 
used  In  Eq.  (15-1*)  instead  of  A(«T/«e).  The 
reaeon  far  this  it  that,  at  least  In  theory,  the 
difference  in  sheer  between  e  peak  and  e  trough 
la  2d(0V/gs).  In  the  unlikely  clrcvmetan-e  that 
the  radiosonde  was  not  taken  upstream  In  undis¬ 
turbed  air  but  Instead  passed  upward  through  a 
trough  (In  tha  case  of  positive  (dV/d»)0),  then 
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the  change  in  shear  would  be  2,'^'N/oz). 

The  values  of  Ri^m  based  on  2£{BV/oz )  are 
also  shown  iri  Table  1 3-1  -  For  ooth  lasers , 

R1|^U  wes  ssich  less  than  0.25.  Thus,  under  the 
specified  ccndltiu..s,  both  of  the  layers  would 
be  classified  as  unstable  and  waves  would  be 
expected. 

The  principal  results  of  this  analysis  ' an 
be  seen  upon  examination  of  Table  15-1  and 
Fig.  15-10.  The  calculations  indicate  that  at 
least  one  wavelength  should  appear  (ig^  = 

1.9  rad)  and  that  a  second  might  appear 
(AgMl  “  nmi).  The  isentropes  in  fig. 

15-10' show  several  sets  of  small  waves  having 
wavelengths  quite  close  to  the  expected  values . 
Moreover,  Xe(i)  ■  1-9  n®i  vas  expected  near  a 
peak  and  the  longest  wave  observed,  Xq  »  1.5 
nmi,  occurred  downstream  of  a  peak;  similarly, 
Xj5(l)  “  0-7  was  expected  in  a  trough  and  waves 
having  Xq  -  0.9,  0.95,  1.2,  and  1.3  nmi  were 
all  observed  in  a  trough.  Finally,  it  should 
be  mentioned  that  the  potential  temperature 
for  layer  2  was  calculated  to  be  Q»  334  X; 
this  is  very  close  to  0«  333  X,  which  is  the 
isentrope  shown  in  Fig.  15-10.  The  small 
waves  in  this  specific  isentrope  are  evidence 
that  layer  2  did  in  fact  become  unstable . 

Nicholla  has  Indicated  that  when  stable  lay¬ 
ers  such  as  those  shown  in  the  temperature  pro¬ 
file  in  Ft  15-ll(b)  occur,  they  are  clearly 
identif  -  in  widely  dispersed  upstream 
soundings.  He  has  observed  the  same  detailed 
tc.3pr-et.ur0  structure  in  as  many  as  five 
soundings  spread  ctut  ovsr  se-eral  hundred 
miles.  The  detailed  velocity  structure*  chow 
the  same  magnitude  aheara  but  with  mors-or-laai 
random  variations  in  the  altitudes  at  which 
they  occur. 

Colorado  Lee  Wave  Case 

A  similar  analysis  was  conducted  for  a  cast 
near  Boulder,  Colorado  on  February  15,  1963. 

This  cese  was  documented  by  Dr.  Douglas  X. 

Lilly  of  tbs  national  Center  for  Atmospheric 
Research  (Ref.  15-20).  Additional  data  for 
use  in  the  present  analysis  were  obtained  from 
Dr.  Lilly. 

The  lsentropea  are  shown  in  Fig.  15-12. 

Three  aircraft  participated  In  the  expe-iment, 
end  the  three  groups  of  issntropes  ind.  -ata 
the  approximate  ranges  of  altitudes  in  wuich 
riignct  wtra  mads.  Tbs  wind  was  from  west  to 

east  (left  to  right). 

Two  radiosondes  were  used  in  this  analysis. 
One  was  lssmcbed  at  Granby  (Fig.  15-13(a)  and 
(b) )  which  is  upstream  in  the  mountains  approxi¬ 
mately  35  nmd  west-northwest  of  the  Marshall 
radar.  The  teccsid  was  launched  at  Denver 
(Fig.  15-13(0  and  (d))  which  is  dmmstreem 
approximately  22  nmi  eoutiweat  of  the  Marshall 
radar.  Six  highly  stable  layers  were  identi¬ 
fied  in  each  of  the  two  radiosonde  temperature 
profiles.  There  is  conslderebls  similarity 
hstwesm  the  two  temperature  profiles  which  were 
about  55  nmi  apart.  Chly  layers  4  end  7  do 
not  seem  to  appear  in  both  profiles.  Layers 
which  were  subsequently  found  to  be  stable  when 
2d(0Y/*s)  wee  used  in  cc^Mting  RinTW  are 
denoted  by  as  asterisk . 


The  characteristics  of  the  expected  surd 
observed  waves  are  Busssarisey'  in  Table  If,  I 
under  "Colorado  Case."  The  layers  have  been 
grouped  according  to  their  altitudes.  The  first 
seven  have  mean  altitudes  between  57,715  end 
67,195  ft  and  ere  associated  with  the  upper 
group  of  isentropes;  the  remaining  five  have 
mean  altitudes  between  37,967  and  47,112  ft 
and  are  associated  with  the  middle  group  of 
isentropes. 

The  principal  results  can  be  seen  upon 
examination  of  Table  15-1  and  Fig.  15-12. 
Consider  the  upper  group  of  isentropes  first. 

The  isentrope*  show  a  distribution  of  observed 
waves  approximately  as  indicated  in  Table  ’5-1 . 
Most  of  the  waves  are  between  about  0.8  anu 
2.3  nmi,  with  several  between  4  and  5  nmi. 

These  wavelengths  agree  well,  with  the  expected 
values  except  for  X^g)  *  6*3  nmi  and  » 

0.4  nmi.  The  potential  temperature  for  the 
latter  layer  was  calculated  to  be  0»  483  X  and, 
Judging  by  the  potential  temperatures  shown  in 
Fig.  15-12,  it  is  apparent  that  this  layer  did 
not  cease  low  enough  in  altitude  to  be  in  the 
region  of  the  flights. 

The  small  waves  and  turbulence  in  the  isen¬ 
tropes  appear  to  start  near  the  upstream  peak 
and  to  extend  over  at  least  the  next  two  troughs 
and  peaks.  As  indicated  in  Table  15-1,  the 
initial  shears  were  both  positive  and  negative 
so  that  the  small  waves  would  be  expected  at 
peaks  and  also  In  troughs. 

It  is  also  interesting  to  compare  the  middle 
group  of  isentropes  in  Fig.  15-12  with  the  pre¬ 
dictions.  All  five  layers  in  this  altitude 
retime  were  predicted  to  remain  stable  even  under 
the  most  pessimistic  of  assumptions,  i.e.,  using 
2dk(*v/a«)  in  computing  RIkxn*  «°  ss*U  waves 
are  indicated  in  Fig.  15-12.  Dr.  Lilly  has  sub¬ 
sequently  indicated  that  flights  were  mede 
through  this  region  et  four  levels;  no  small 
waves  were  observed  in  reducing  the  date,  end 
he  pilots  did  not  report  turbulence. 

Concluding  Remarks 

The  preceding  results  appear  to  confirm  that 
very  steble  layers  in  the  atmosphere  can  be 
destabilised  by  Increases  In  sheer  caused  by 
mountain  Tea  waves.  Moreover,  it  has  1 sec  shorn 
that  stability  criteria  such  as  that  of  Drealn 

-  •  A  a-  --.it  .  1  sv.  __  _  _  —  ss  Isa.. 

W*  IAB  tv  )U  t  vase*  weh  w  vs  aate  vmvaaa  vj  , 

the  approximate  wavelengths  that  would  occur, 
and  the  locations  of  the  small  waves  and  turbu¬ 
lence. 

This  flew  phenomenon  undoubtedly  xcurs  at 
all  altitudes  (not  only  in  the  stratosphere ) . 

As  Indicated  previously,  billow  clouds  of  tbs 
nan-convective  variety  are  frequent  evidence  e' 
the  phenomenon  occurring  in  the  troposphere. 

It  need  cot  be  associated  with  or graphic  distur¬ 
bances.  Shear-gravity  waves  can  be  created 
wherever  a  major  inversion  and  strong  wind  shear 
occur,  such  as  is  often  the  case  et  the  tropo- 
peuse.  These  waves  have  wavelengths  er4  ampli¬ 
tudes  similar  to  those  of  mountain  waves  and 
can  cause  similar  increases  in  shear  within 
stable  layers.  The  phenomenon  esc  aleo  occur 
when  stable  layers  flow  over  tbs  tope  of  lerge 
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cam'll  .nimbus  clouds. 

Thus,  the  phenomenon  could  be  responsible 
for  an  appreciable  fraction  of  clear  air  turbu¬ 
lence  encounters. 

RESULTS  AND  CONCLUSIONS 

1.  The  fluid  mechanics  experiments  to  inves¬ 
tigate  the  s 'ability  of  straight,  stratified 
shear  flows  tended  to  confirm  the  theoretical 
stability  criteria  of  Drazin  and  others.  The 
experimental  velocity  and  density  profiles 
differed  somewhat  from  the  hyperbolic  tangent 
velocity  profile  and  exponential  density  pro¬ 
file  assumed  by  Drazin .  However,  Drazin 's 
theory  and  the  experiraer 1 s  were  in  agreement 

in  that,  with  few  exceptions,  (1)  the  flows 
were  stable  for  Richardson  numbers  greater  than 
0.?5  and  (2)  the  wavelengths  of  the  instabili¬ 
ties  that  were  observed  were  in  the  range  pre¬ 
dicted  by  the  theory  to  be  unstable. 

2.  Four  distinct  stages  were  observed  when 
the  shear  flows  broke  deem:  (l)  first  there 
was  a  region  which  appeared  undisturbed;  (2) 
downstream  of  this  region,  waves  were  observed; 
(3)  these  amplified  and  transitioned  into 
vortices;  and  (fa)  these  then  burst  to  fora 
turbulence.  As  aany  as  four  or  five  wavelengths 
were  often  observed  upstream  of  the  first 
discernible  vortex.  Thus ,  it  is  reasonable  to 
expect  that  several  distinct  waves  aught  be 
observed  in  the  lsentropes  when  instabilities 
occur  in  atmospheric  shear  layers. 

3.  The  analyses  of  two  mountain  lee  wave 
caaes  appear  to  ccnflrm  that  very  stable  layers 
in  the  atmosphere  can  be  destabilised  by 
Increases  in  shear  which  occur  as  the  layers 
flow  through  the  long-wavelength  lee  waves, 

Tbo  estimated  wavelengths  of  instabilities  were 
in  good  agreement  with  wavelengths  observed  In 
the  lsentropes  reconstructed  from  aircraft  and 
radiosonde  data.  Moreover,  the  locations  of 
these  -*w •  »rd  •>>b*eouent  turbulence  relative 
to  the  peaks  snd  troughs  of  the  lee  waves  were 
predicted  reasonably  well. 
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FIS.  1M.  SKETCH  Of  UARl  OPEN  WATER  CHANNEL 
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FIG.  l$-L  EFFECT  OF  TOTERArjRE  ON  PROPERTIES  OF  WATER 
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FI8. 1M.  EFFECT  OF  SHEAR  OH  DOWNSTREAM  DISTANCE  AT  WHICH  CAVES,  VORTICES 
AT 3  TURSCLERCE  WERE  FIRST  OBSERVED 
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n«.  15—7 .  COMPANION  Of  THEORETICAL  ITAKUTY  CRITERIA  FOR  HO  TYPES 
OF  VELOCITY  AM)  OBHHTY  PROFILES 
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FIG.  1M.  EFFECTS  OF  L0NG-»f-  7ELENGTH  RAVES  ON  STABILITY 
OF  ATMOSPHERIC  SHEAR  LAYERS 
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Suasa arv 


A  method  of  producing  a  lov  turbulence  shear  flow  in  a  wind  tunnel  ia 
described.  The  shear  flow  had  an  almost  linear  velocity  profile  with  the 
velocity  near  the  roof  of  the  tunnel  about  50X  greater  than  that  near  the 
floor.  The  turbulence  level  was  about  0.5S  based  on  the  local  mean 
velooity. 

Measurements  were  made  of  the  wake  of  a  flat  plate  normal  to  the  flow 
direction  and  spanning  the  wind  tunnel  such  that  the  velocity  varied  along 
the  length  of  the  plate.  It  was  found  that  space  correlations  of  the 
velocity  fluctuations  in  the  wake  were  significantly  different  when  the 
plats  was  in  a  shear  flow  than  when  it  wee  in  a  ur 1  form  atrean.  Spectra 
of  the  velocity  fluctuations  were  measured  at  positions  along  the  length 
of  the  plate  in  the  shear  flow  and  it  was  found  that  the  Strouhal  numbers, 
based  on  the  local  undisturbed  free  stream  velocity,  were  approximately 
constant  over  about  half  the  plate  length. 

By  comparing  the  signals  from  an  array  of  hot  wires  behind  the  plate 
a  model  of  the  vortex  shedding  is  postulated. 
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fhe  Wake  Characteristics  of  a  Bluff  Body  In  a  Shear  flew 

by 

D.J.  Maull 

Cambridge  University  Engineering  Department 


Introduction 

The  charactariatica  of  tha  wind  near  the  earth' a  aurface  May  bo 
conaiderod  aa  being  made  up  of  a  Mean  velocity  profile  varying  with  height 
on  top  of  which  ia  auperinpoaed  turbulent  fluctuations.  thus  in  studying 
the  forces  on,  and  the  flow  around,  objects  m  the  earth's  boundary  layer 
by  aeans  of  models  in  a  wind  tunnel  the  properties  of  the  earth's  boundary 
layer  must  be  correctly  simulated  and  scaled.  It  has  been  shown  by 
Jensen  and  Pranck  (1965)  that  to  predict,  by  aeans  of  wind  tunnel  tests, 
the  mean  pressure  distribution  on  a  house  in  the  earth's  boundary  layer, 
the  roughness  height  of  the  wind  tunnel  boundary  layer  divided  by  the 
height  of  the  aodel  Must  be  *-  *he  sane  ratio  fo—  the  full 

conditions.  This  Means  that  for  correct  siMUlation  the  wind  tunnel 
boundary  layer  Must  grow  naturally  along  the  tunnel  floor  and  this 
inevitably  requires  a  long  working  section.  In  Jensen's  tunnel  the  length 
of  the  working  section  is  7.5  ■  and  a  similar  tunnel  at  the  University  of 
Western  Ontario  (Davenport  (1967))  has  a  length  of  24.4  n. 

Another  Method  of  siMulating  the  earth's  boundary  layer  la  to 
artificially  produce  a  rough  wall  turbulent  boundary  layer  by  naans  of  a 
barrier  across  the  wind  tunnel  and  a  system  of  elliptic  turbulence 
generators.  This  Method  has  been  described  by  Counihan  (1969)  and  shews 
that  a  working  section  length  of  about  five  boundary  layer  heights  is 
required  to  produce  the  siamlated  flow. 

It  is  desirable,  in  attempting  to  interpret  the  results  froa  experiments 
pv.-forned  in  a  siamlated  atmospheric  boundary  layer,  to  differentiate  between 
the  effects  of  turbulence  and  the  effects  of  a  noaa-veloeity  gradient.  It 
therefore  seeas  justifiable  to  carry  out  basic  experiments  on  the  effect  of 
turbulence  on  the  flow  around  '’luff  bodies  end  separate  experiments  on  the 
affect  of  lew  turbulence  shear  flow  around  such  bodies.  Turbulence  may  be 
generated  in  a  wind  tunnel  by  swans  of  a  uniform  grid  and  tha  offset  ef 
turbulence  on  the  flow  around  a  bluff  body  has  bean  described  by  Bee man 
(1968). 

There  are  many  Methods  of  producing  a  shear  flow  in  a  wind  tunnel,  nest 
of  which  involve  putting  across  the  flow  sane  form  of  non- uni form  grid.  An 
early  emthod  wee  that  of  Owen  and  Eienklewica  (1957)  wha  used  a  system  of 
circular  rode  spanning  the  tunnel,  the  spacing  ef  the  rode  being  varied  te 
produce  the  required  velocity  profile.  This  method  wee  subsequently  used 
by  Gould  at  el  (1968)  to  develop  shear  flows  for  the  study  of  the  flow 
around  bluff  bodies  and  by  Volf  and  Johnston  (1906)  to  study  the  sffeet  Of 
non-uniform  entry  conditions  on  the  performance  of  diffusers.  Another 
method  of  producing  a  shear  flow  is  by  using  honeycomb  which  has  been  cut  sc 
that  it  has  a  variable  depth  across  the  tunnsi.  The  design  ef  the  hoaeyeemb 
shape  has  been  described  by  Kotanaky  (1966). 

Proa  the  few  measurements  available  it  appears  that  one  ef  the  drawbaoka 
of  the  method  of  producing  a  shear  flow  by  nsans  of  nm- uniformly  spaced  rede 
ie  that  inevitably  high  turbulence  is  also  produced.  Per  instance,  Gould 
atetss  that  in  his  sheer  flew  ths  level  of  turbulence  was  about  6b  compered 
with  about  0.1b  in  e  moderately  well  designed  wind  tunnel  used  for 
aeronautical  research. 

Another  method  of  producing  a  sheer  flow  is  by  using  curved  uniform 
gausea  across  the  flow  as  described  by  Elder  (1959)  and  Davies  (1957), 

This  is  the  method  reported  ia  thla  paper  and  was  used  alnce  it  was  thought 
that  the  turbulence  levels  would  be  significantly  leaa  than  when  the  shear 
was  generated  by  other  methods ,  A  review  of  ether  methods  of  producing 
shear  flew  has  been  given  by  Lawson  (1968). 
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Tha  production  of  a  llrnwr  velocity  profile 

The  Mthod  of  Elder  was  uaod  to  design  tha  ahapa  of  tha  curvad  gauze  to 
produce  a  linear  velocity  profile  in  tha  tunnel.  Tha  detalla  of  tha 
calculation  are  praaantad  in  tha  Appendix  where  an  error  Elder* a  analysis 
is  corrected  and  a  different  Mthod  of  solving  tha  final  aquation  ia 
presented.  This  error  has  also  baen  pointed  out  by  Leu  and  Baines  (1968) 
and  Turner  (1969).  The  axes  used  to  define  tha  gaume  shape  and  tha 
positions  of  the  velocity  traverses  are  shown  in  figure  1.  The  non> 
dimensional  gauze  profile  ia  shown  on  figure  a,  the  symbols  used  being 
defined  in  the  Appendix. 

Two  different  gauzes  were  used,  gaume  I  was  9.46  Msh/cn  29  swg  and 
gauss  XX  7.88  ssah/ca  and  28  swg.  The  gaume  was  placed  at  the  beginning 
of  the  working  section  of  an  open  return  low  speed  wind  tunnel,  the  height 
(8)  of  the  working  section  was  0.508  m  and  the  width  (b)  was  0.71  m.  The 
velocity  on  the  centre  line  of  the  tunnel  was  about  15.3  m/s. 

Velocity  traverses  were  made  at  various  places  in  the  working  section 
and  the  results  for  gaume  X  are  shown  on  figure  3.  the  displaeeMnt  effect 
of  the  pitot  tube  is  small  in  the  cases  considered  here  and  has  been 
neglected.  It  may  be  seen  that  although  there  has  been  a  fair  amount  of 
shear  developed  the  velocity  prefi 1*  is  far  from  linear.  The  gaume  shape 

was  calculated  for  a  value  of  the  term  s*  BB/X  (see  Appendix)  of  9.9  which 
for  the  gaumes  used  should  have  given  a  value  of  the  velooity  gradient 

parameter  A  of  0.4.  Three  traverses  are  shown  at  x/i  and  m/4 
positions  of  (1.2.  0).  (1.8,  0)  and  (1.8,  0.3),  the  velooity  profile  at 
(1.8,  0)  is  marginally  better  than  that  at  (1.2,  0)  and  all  further 
traverses  were  made  at  this  furthest  downstream  position.  The  model 
described  later  in  the  paper  was  also  mounted  at  this  position. 

figure  4  shows  results  for  the  velocity  traverse  for  gaume  IX.  T*>e 
results  are  not  greatly  different  from  those  for  gaume  X  which  is  under¬ 
standable  since  for  both  gaumes  the  factor  KB  which  ooours  in  the 
expression  for  the  gaume  shape  is  approximately  the  saa*.  The  velooity 
profile  for  gaume  XX,  however,  is  rether  more  irregular,  probably  due  to 
this  gaume  having  a  rather  coarse  mah.  for  gaume  X  turbulence  MaeureMnts 
at  position  (1.8,  0)  are  shown  in  figure  5  where  the  percentage  turbulence 
ia  the  root  mean  square  of  the  fluctuation  expressed  as  a  percentage  of  the 
locel  mean  velocity. 

The  velocity  profile  generated  was  considered  to  be  not  sufficiently 
linear  and  the  gaume  shape  was  modified,  in  an  empirical  fashion,  ia  an 
attempt  to  increase  the  velocity  gradient  for  y/4  greater  then  0.3.  A 
curved  gauze  produces  a  shear  flew  in  two  ways,  firstly  there  is  a  drop  in 
pressure  across  the  gaume  proportional  to  the  square  of  the  component  of 
velooity  normal  to  the  gaume  and  secondly  the  velocity  vector  is  turned,  as 
it  passes  through  the  gaume,  in  a  direction  towards  the  normal  to  the  gauze. 

Xt  was  therefore  decided  to  increase  the  awgle  that  the  gaume  a*4e  with  the 
stream  for  y/4  >  0,3.  This  was  dene  by  multiplying  the  coordinate  of  the 

gaume  for  y ft  >  0.5  by  a  fr "tor  linear  ia  y  such  that  the  factor  was 
unity  at  y/ 4  •  0.5  and  1.13  at  y/t  «  1.  The  modified  shape  is  shown  in 
figure  2. 

Oauae  X  was  fitted  to  this  modified  shape  and  the  resulting  velocity 
distribution  is  shewn  in  figure  8.  Xt  is  seen  that  the  velocity  profile  is 
much  mere  nearly  linear  and  this  modified  gaume  profile  was  used  te  generate 
the  shear  flew  used  in  the  experiments  described  in  the  next  section. 


skXL  fryfcr  m  a  am  Ite 

Consider  the  prediction  of  the  loads  ea  a  body  placed  Mar  te  and  behind 
a  bluff  body  in  a  stream.  Whether  the  stream  is  uniform  or  net  we  may  expect 
that  the  flow  behind  the  bluff  body  will  be  unsteady  and  that  the  leads  ea  any 
body  downstream  of  it  will  depend  upon  such  quantities  as  the  correlation 
coefficient  of  the  velocities  in  the  wake  ef  the  bluff  body  and  any  dominant 
frequency  present  in  tbs  wake.  The  results  presented  here  are  from  a 
preliminary  Investigation  to  show  the  differences  between  the  wake  of  e  bluff 
body  when  the  cm  coming  flow  is  uniform  end  when  it  has  a  velocity  varying 
along  the  length  ef  the  body. 


16-3 


The  bluff  body  u»«d  was  a  flat  plats,  width  _f  0.0254  a,  mounted  In 

tha  wid  tunnel  aa  shown  In  figure  1.  The  plate  spanned  the  tunnel,  1.8 
tunnel  heights  downstream  of  the  gauze  and  was  snbject  to  the  shear  flow 
shown  in  figure  6.  The  flat  plate  is  not  at  all  representative  of  any 
practical  body  but  it  does  show  the  important  characteristic  of  bluff  bodies, 
namely  vortex  shedding  at  moderate  Reynolds  numbers,  with  the  advantage  that 
the  separation  point  is  fixed  at  the  edge  of  the  plate.  The  Reynolds  number 
for  all  the  tests  were  about  2  x  10*  based  upon  the  velocity  at  the  centre  ol 
the  tunnel  and  the  width  of  the  plate. 


Results 

1.  Correlation  measurements 


If  the  velocities  measured 

correlation  coefficient  R  is 


at  any  two  points 


are  u^  and  u^  then  the 
For  the  measurement  of  the 


correlation  coefficiente,  two  hot  wires  were  placed  in  the  wake  of  the  plate, 
the  fi.  id  wire  being  13*25  plate  widths  above  the  floor  of  the  tunnel  and  at 
certain  values  of  x/d  and  z/d.  The  moveable  hot  wire  was  placed  at  the 
«ame  values  of  x/d  and  z/d  but  could  be  traversed  down  from  the  position  of 
the  fixed  wire.  Thus  correlation  coefficients  were  measured  along  lines 
parallel  to  the  edges  of  the  plate.  The  traverse-  were  made  just  outside 
the  edge  of  the  wakes  and  the  variations  of  the  correlation  coefficient  with 
wire  spacing  are  shown  in  figures  7,  8  and  9  where  r  is  the  distance  apart 
of  the  probes.  It  is  seen  that  when  the  upstream  velocity  is  non-uniform 
the  correlation  coefficient  behind  the  plate  la  much  lower  than  when  the 
upetream  velocity  is  uniform.  This  indicates  that  the  coherence  of  the 
vortex  shedding  along  the  plate  has  somehow  been  disrupted  by  the  presence 
of  shear  in  the  upstream  velocity  profile. 


2.  Vortex  ehedding  frequency 


The  frequency  of  vortex  shedding  from  the  plate  was  measured  by  taking 
the  signal  from  a  hot  wire  positioned  just  outside  the  wake  and  passing  it 
through  a  narrow  band  frequency  auaxyser.  For  the  range  of  Reynolds  numbers 
in  the  experlsMnt  the  flat  plate  m  a  uniform  flow  gave  a  Strouhal  number 
fd/u  where  f  is  the  frequency  and  u  the  uniform  free  stream  velocity,  of 
0.152.  It  was  found  that  when  the  plate  *ae  in  the  shear  flow  the 
frequency  of  vortex  shedding  varied  along  the  length  of  the  plats  such  that 
the  higher  frequencies  were  measured  where  the  free  stream  velocity  was  also 
high.  If  the  local  Strouhal  number  at  a  height  y  from  the  tunnel  floor  la 
defined  ea  the  ratio  of  tha  measured  frequency  at  that  height  multiplied  by 
the  plate  width  and  divided  by  tha  velocity  at  height  y  in  the  upetream 
ahear  flow,  it  wae  found  that  ovar  a  considerable  length  of  the  plat#  tha 
local  Strouhal  number  wae  approximately  constant.  This  is  shown  in  figure 
10.  If  the  shedding  frequency  had  bs* n  constant  along  the  length  of  the 
plats  the  ratio  of  the  local  Strouhal  numbers  at  tha  points  y/d  equals 
0.8  and  0.4  would  have  bean  0.86  vharaas  tha  ratio  actually  measured  is  b.96. 


&lmula a 

la  order  to  explain  the  change  in  correlation  In  the  wake  of  the  plate 
when  e  sheer  flaw  is  upstream  of  the  plate,  the  outputs  fro*  four  hot-wire 
prebea  were  recorded  on  an  ultra-violet  galvanometer  recorder,  the  probes 
were  placed  just  outside  the  wake  in  a  line  parallel  to  one  side  of  the 
plate  and  about  a. 5  plate  widths  downstream  of  it.  In  all  cases  probe  1 
was  fixed  0.451  above  the  tunnel  floor,  the  spacing  between  the  probes  could 
be  varied. 

Figure  11  ehewa  the  traces  from  the  four  hot  wires  for  the  case  where 
there  is  no  sheer  present  In  the  upstream  flow.  It  can  be  seen  that,  whilst 
there  is  some  irregularity  in  the  Individual  traces,  In  general  the  four 
outputs  are  in  phase  leading  to  a  fairly  high  correlation  coefficient. 

This  is,  however,  not  the  case  when  the  upstream  flow  contains  sosm  shear. 
Figures  12,  13  end  1%  show  traces  from  the  hot  wires  when  ehear  la  preaent 
and  these  indicate  that  in  this  case  th't  shedding  of  vorticea  is  irregular 
leading  to  low  correlation  coefficiente. 
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Consider  figure  12;  at  the  beginning  of  section  A  of  the  record  the 
traces  from  the  hot  wires  are  in  phase  but  by  the  end  of  that  section,  which 
has  occupied  0,1s,  there  have  been  5  1/3  cycles  of  oscillation  on  trace  1 
and  6  1/3  cycles  of  oscillation  on  traces  3  and  4,  A  disturbance  is  evident 
on  trace  3  at  the  end  of  section  A  and  this  appears  to  propagate  onto  trace  3 
such  that  at  the  beginning  of  section  B  there  is  a  disturbance  being 
simultaneously  recorded  on  traces  2  and  3  with  some  distortion  at  the  same 
time  on  trace  1*  There  Is  then  in  the  middle  of  section  B  a  period  of  about 
two  cycles  where  the  traces  are  fairly  regular  and  then  another  period  of 
disturbance  appears  on  traces  1  and  2  at  the  beginning  of  section  C.  This 

i*  followed  by  a  regular  oscillation  and  at  the  end  of  section  C  the 
oscillation  on  all  traces  is  approximately  in  phase.  It  therefore  appears 
that  the  regular  shedding  of  vortices  is  interrupted  by  eome  form  of 
disturbance  which  propagates  at  right  angles  to  the  flow  direction  and  that 
this  disturbance  is  followed  by  further  regular  shedding  along  the  plate 
bringing  the  signals  on  the  hot  wires  r.ack  into  phase. 

In  figure  13  the  disturbance  can  also  be  seen.  At  the  beginning  of 
section  A  all  four  traces  are  in  phase  but  due  to  the  frequencies  being 
different,  by  the  end  of  that  section  we  have  traces  1  and  2  in  phase  and 
3  and  4  in  phase  but  the  pairs  are  ISO  degrees  out  of  phase.  A  disturbance 
tlisn  appears  on  trace  1  and  very  quickly  affect  trace  2.  If  eeema  to  move 
across  the  flow  direction  affecting  trace  3  by  th*,  middle  of  section  B  and 
finally  showing  up  on  trace  4  about  two  thirds  of  the  way  across  section  B. 

At  the  beginning  of  section  C,  afto:  the  passage  of  the  disturbance,  the 
traces  are  almost  in  phase  but  by  the  end  of  the  secticn  they  are  once  again 
becoming  out  of  phase. 

Some  more  evidence  that  the  disturbance  propagates  across  the  flow  is 
ahot'”>  on  figure  14.  There  i*  a  sign  of  the  disturbance  on  trace  1  at  the 
beginning  of  section  A  and  can  be  seen  on  trad  2  slightly  later  and  pro¬ 
gressively  on  trace  3  until  it  has  reached  trace  4  at.  the  end  of  section  A. 
This  record  also  shews  that  the  disturbance  may  be  sometimes  fairly  localised. 
For  instance  in  section  B  it  only  appears  on  trace  2  and  in  section  C  only  on 
trace  3  with  no  evidence  of  further  propagation  across  the  flow. 

An  attempt  was  made  to  visualise  the  flow  in  a  low  speed  tunnel  by 
means  of  smoke  injected  into  the  flow.  The  shear  profile  was  generated  in 
this  tunnel  by  means  of  shaped  honeycomb  and  the  mean  velocity  was  about 
2  m/s.  The  working  section  of  the  funnel  is  shown  in  figure  15(a),  at  the 
bottom  is  the  honeycomb  with  the  flow  vertically  upward# v  the  highest  velocity 
being  on  the  right  of  the  photograph.  The  model  shown  in  figure  1?  is  a 
circular  cylinder  and  the  smoke  is  emitted  from  a  slot  cut  in  the  cylinder. 
Figure  15(a)  shows  intense  skewing  of  the  vortices  with  the  detachment  point 
of  the  vortices  moving  along  the  length  of  the  cylinder.  In  this  figure  the 
vortex  shedding  appears  to  be  regular  and  hot-wire  probe®  mounted  parallel  to 
the  cylinder  axis  would  r  cord  signals  of  almost  the  same  frequency  but  not 
necenearlly  in  phase.  There  is  also  some  evidence  of  the  vortices  distorting 
into  vortex  loops  or  horseshoe  vortices.  There  is  also  evidence  of  these 
vortex  loops  in  figure  15(b)  and  here  the  vortex  shedding  is  much  mors 
confused.  Considering,  on  the  left  of  this  f iguro ,  the  first  fully  formed 
vortex  nearest  the  cylinder  it  appears,  moving  across  the  figure  to  the 
right,  that  this  vortex  splits  into  two  skew  vortices  about  a  third  of  the  way 
along  the  cylinder.  There  is  a  discontinuity  in  the  slope  of  the  vortex 
lines  ard  this  discontinuity  may  be  the  disturbance  showing  up  in  the  hot  wire 
traces  of  figures  12,  13  and  14, 

An  <>von  more  confused  flow  is  seen  in  figure  15(c)  whore  there  are  a 
large  number  of  discontinuities  in  the  vortices  and  more  evidence  of  the 
vortex  loops. 

It  seem*,  therefore,  that  in  general  vortex  linos  are  formed  which  may 
Join  up  into  a  single  vortex  line.  This  position  of  the  Joining  up  of  the 
vortex  lines  move#  along  the  p2-\t«  causing  the  disturbance  recorded  on  the 
hot  wires  and  the  lack  of  correlation  along  the  length  of  the  plate,  A 
jiuilar  phenomena  haa  been  f;nd  by  Caster  (1969)  where  ho  investigated  tha 
flow  in  the  wake  of  a  conical  cylinder  whose  axia  was  normal  t.o  a  uniform 
flow. 


x6-5 


Conclusions 

It  has  bean  shown  that  the  preeance  of  an  upstream  shear  flow  ean 
drastically  alter  the  wake  flow  of  a  bluff  body  so  as  to  reduce  the 
correlation  coefficient  in  the  wake.  The  vortex  sheddlnf  frost  the  body 
is  altered  in  such  a  way  as  to  Make  the  local  Strouhal  number  along  the 
body  constant,  the  dominant  frequencies  in  the  wake  thus  varying  along  the 
length  of  the  body. 

It  is  therefore  clear  that  in  investigating  the  flow  past  a  complex 
arrangement  of  bluff  bodies  in  ths  sarth's  boundary  layer,  where  the  effects 
of  ths  wake  of  one  body  on  the  load  on  another  body  are  is^ortant,  the  mean 
velocity  shear  characteristics  of  the  earth's  boundary  layer  mist  be 
correctly  simulated. 
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Figure  1  Experimental  t,.  rangement 
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Figure  2 


Original  and  modified  gauze  ehape 


Figure  3  Velocity  profile  original  gauze  I  Figure  k  Velocity  profile  original  gauze  II 
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Figure  12  With  ahtar  proba  separation  O.OJo  a 
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Figure  15  With  shear  probe  separation  0.05  a 
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-SOMMAItB- 


Cette  rtdwnlM  coccerne  las  adcsnlsnes  physiques  k  patlta  lehalla  dai  trensf  srt i  la 
■UH,  da  quant ltd  da  nouv  ament  at  d' tear* la  antra  U  coucba  da  aurfaca  da  1  ‘ataaajMw  at  laa 
oedaaa.  L'dtuda  daa  loia  gouvarnant  eaa  dchangaa  aat  an  dvldaace  eartalna  facteurs  dost  la 
reproduction  au  lsboratolre  paraattra  uaa  alaulatloo  partial  la  daa  phdnaataae  nature  la , 

La  dlapoaltlf  projatd  aat  uoa  soufflarle  alr-aau  panaattast  d'obtenlr  ana  coucba 
limit a  rurbulanta  d'lntarfaca  da  40  a.  da  longueur,  an  cootrOlant  :  vitas  as ,  teapdretare  at 
hiaaidltd  da  l'alr  ;  vltesae,  tanpd  return  at  compos  It loo  da  l'aau  ;  prdturbu lanes  da  vlteese  at 
da  taapdrature  ;  •  tret  if  lea  t  loo  ;  mouvooents  da  l'lntarfaca  ;  couches  limltaa  pa  real  tea  dans  la 
vclaa.  Uaa  aaquette  k  1'dchalla  1/S  aat  utlliada  pour  vdrlflar  at  and 11 ora r  laa  caractirlstlquaa 
at  matt re  au  point  laa  techniques  da  mnsures . 


-SUXMAkT- 


WS1CM  OP  A  TUMBL  TO*  Al.*JeP*M-OCXANS  DOSKACTIOMS  OKUO1 

This  research  coo  earns  tha  email -scale  physical  mechanisms  of  mass ,  ■  amentum  and 
amargy  tramefara,  between  tha  atmoephetlc  surface  layer  ami  tha  oceans,  A  critical  survey  of  tha 
lava  governing  thaaa  exchanges  outlines  same  patamatere  the  reproduction  of  vhlch  at  labora¬ 
tory  acalo  util  aaable  a  partial  simulation  of  tha  aatural  phenomena. 

Tha  equipment  designed  Is  a  wind -water  tunnel  Intended  to  glam  a  40  maters  long 
turbulent  Interface  boundary  layer,  with  control  Of  :  air  velocity,  temperature  and  humidity  ; 
mater  velocity,  temperature  and  chemical  c imposition  ;  pracurbuleace  of  velocity  and  tempera¬ 
ture  ;  stratification  ;  interface  motion  ;  times  1  valla  boundary  layers.  A  one  fifth  scale  modal 
la  being  uoed,  to  chock  end  lap  rave  tha  performance  and  to  taat  tha  nee eu  reamer  techalquaa. 


* 
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i  -  umooucnoH,- 


L*  coooaUeancs  du  micaeieM  daa  dchangaa  d'doargi*  «Ur»  l'ataoepbdr*  at  1m  oadaaa 
mc  d'uu  iutdrBt  Mjaur  pour  la  sdtdorolagU  auaal  bias  qua  pour  I'ocdeacgraptoU.  OB  Mtt  aa 
aflat  aujourd'hui  qua  caa  deux  nlllaux  dolvent  Itra  conaiddrds  ccoae  ccoatlcuant  ua  aaul 
systdM,  car  l'dvolutloa  dynamiqu*  at  tbanodyoaBiqua  da  ebaeua  d 'antra  aux  ddpand  dan*  una 
large  Maura  daa  interaction*  qui  s'exarcant  i  travara  lour  f  root  lire  aa— . 

Bian  qua  ca  probltoa  doiva  Itra  traitd  i  dlffdraotaa  dchallea,  I'atuda  da  la  rdgion 
altuda  4  prcslmitd  da  l'lntarfaco  a amble  prdaantar  ua  latdrBt  tout  particulier.  C'aat  an  uffat 
daua  c«.':a  son*  qua  aa  ddveloppant  la*  phdnou&oaa  raapoaaablaa  daa  dchangaa  at  daa  transforma¬ 
tions  daa  dlvereaa  fomaa  da  l'dnargi*  loraqua  I'on  paaaa  d'uo  si  lieu  4  1'autra.  La  camprdtwiialMi 
du  mdcaniam  physique  daa  proceaaua  4  petite  dchalla  dont  laa  couches  d'air  at  d'aau  volalnea 
da  lc interface  sort  la  *14ga,  constltua  done  una  dtapa  aasantialla  das*  la  solution  du  probldM 
daa  interaction*  atmosphesa-oedans . 

La*  dtudas  expdriaantaUs  ndcaaaalrcs  prdceetant  daa  difflcultd*  certain**  t  ii  faut 
an  affat  explorer  da  fa;on  ddtaillde,  an  proeddant  4  daa  nsauras  da  grandeur*  my—  at 
fluctuantaa  ralativaaent  ddllcataa  at  conplaxaa,  una  son*  dont  l'dtandua  vortical*  aat  da  l'ordre 
da  la  hauteur  das  vagus*  ;  par  alllaura,  11  aaralt  eouhsitable  da  pouvoir  fair*  verier  Inddpen- 
daaaant  lea  diffdrants  paramltraa,  afln  d 'an  niaux  adparar  lea  effats.  Or  las  axpdrioncos 
affectudaa  an  wr  supportant  da*  contraintaa  d'enviroBnaMat  qui  llmltent  ndcaaaalramnt  la 
finesse  das  Maura*  at  aant  de  plus  aousisaa  aux  condition*  alcromdtdorologiqua*  du  a— ant  qui 
a*  aauraiant  Btre  contrOldeo  at  qui  laa  randant  difflellamnt  rdpdtabUs.  11  aat  done  apparu 
lndiapaacabl*  da  computer  laa  oaauras  dan*  la  natura  par  daa  axpdrianca*  affectudaa  au 
labor* toira,  dan*  daa  condition*  ion  contrSldae,  da  fa; cm  4  pouvoir  proedder  4  daa  exploration* 
conplitss,  r<pdtabl*s  at  prdciaoa,  da*  mdcanlaM*  foodaMntaux  das  dchangaa  au  volalnage  da 
1 ' Interface .  C'aat  14  la  prograasae  dont  l'l.H.S.T.  a  antrepria  l'axdcutlon  an  1965,  4  la  demand* 
du  Comitd  da  Recherche*  Atmos phdriques  da  la  D.G.R.S .T- ,  at  dont  noua  prdaentena  icl  qudlquaa- 
una  d*a  premiers  rdaultato. 

La  premier  objectlf  d'un  tel  travail  aat  an  affat  la  rdeliaatioc  d'une  in*  ta  Hat  loo 
de  laboratoir*  oO  laa  axpdricncsc  solsnt  slgnificativaa,  c'aat  4  dire  qui  assure,  dan*  una 
certain*  Maura,  -  simulation  das  phdnomdnaa  natural* ,  Pour  ddflnir  catts  installation,  11  faut 
an  premier  lieu  dtudiar  laa  different*  proceaaua  phyclquae  raapoaaablaa  daa  interactions  oedans- 
atmoaphSre  at  prdciaer  lea  dquation*  qui  Ua  gouvaraast.  Cacl  parmat  alora  d’idantifiar  Us 
factaurs  las  plus  important*,  qu'il  sera  ndcassaire  de  raprodulra  au  Uboratolre,  at  da  ddterml- 
nar  Ua  gamnaa  da  variation  qu'il  faudra  pouvoir  iapoaar  aux  principals*  variable*  pour  qua  Ua 
paramfttraa  caractdrlatiquaa  de  l'axpdrlanca  posaldant  das  valours  convanables.  Compta  tanu  da* 
contraintaa  pratique* ,  11  taabl*  possible  de  pervenir,  sinoo  4  una  vdrltabl*  aimilituda,  du 
molna  4  una  aimulatlon  partUll*  daa  dchangaa  natural*.  Nou*  varrona  qudllas  aont  Ua  conditions 
4  rampllr  pour  attalndra  ca  but  at  pi  sentarons  1a*  aolutiona  tachnlquaa  adoptde*  4  catt*  fin. 
Btane  donnd  1 ' importance  at  U  nouvaautd  da  1'inatalUtlon  prdvue,  daa  dtudas  sur  Mquatt*  4 
dchelle  rddulte  ont  dtd  effectudaa  et  oat  penal!  d'amdllorer  aanalblaaent  la*  performance* 
qu'aurelt  auaa  una  aouff laris  correspondent  eu  projet  Initial. 

Ce  travail  a  pu  Btre  affactud  grBca  4  l'appul  d'un  certain  noobre  d’organiames,  4  qui 
noua  -enema  4  exprlmar  lei  notra  gratitude,  qui  s'adraaa*  tout  partlculllramant  4  U  Ddldgation 
Gdndral*  4  la  Recherche  Sclantifiqu*  at  Technique,  pour  laa  conventions  da  rac.herch** 

N*  6j  Fit  133  et  N*  67  00  937,  at  au  Centre  national  pour  1 'Exploitation  daa  Ocdans,  pour  U 
convention  da  recherch**  N“  69/66,  et  dgalaMnt  4  1'O.N.J.R.A. ,  4  la  D.R.M.B.,  au  C.N.R.S.,  at 
4  pluaiaura  autre*  encore  pour  laur  aide  afflcaca.  Nous  voulon*  dgalaaent  aaaurar  da  notra 
reconnaissance  Ua  nombrauaaa  parsonnalltds  acisntlflquea,  tant  franpalsas  qu'dtrangiras,  qui 
ont  bian  voulu  nous  fairs  bdndficer  de  leurs  conaells,  et  tout  apdcialtaant  Monsieur  la 
Profaaaaur  LACOMBB ,  Directeur  du  Laboratoir*  d'Ocdanographia  Physique  du  Muadum  National 
d'Slletoire  Naturalla,  pour  l'alde  at  la*  sncouragtMnta  qu’il  noua  a  constaamnt  prodlguds. 

Noua  aouhaltons  anfin  ramerciar  tou*  caux  qui  ont  particlpd  4  1'dtsbliasaMnt  du  projat  da 
1'lnatalUtlon  da  simulation  daa  interaction*  atooephdra-oedana  at  qui  collaborant  actuelUamet 
4  aa  construction. 

2  -  MB CAN ISMS s  PHYSIQUES  DBS  E CHANCES  D'BNSRGIE  OCEAN-ATMOSPHERE .- 

■  BNaBBBUBBIIBBBmUBiaU«BaB4aiaiti*mBUMBBmBBBaNIIHBBBaiBaBKBBBaBBHBIIHBMHB* 

iiijukML  aaaa.  ^sagHLisaiMia^ 

L'aaaantlsl  daa  dchangaa  d'dnargis  antra  l'atmoaphdre  at  la*  ocdans  a'affactu*  par  U 
Jau  da*  quatrt  proceaaua  sulvanta  : 

a)  La  transfart  da  chaiaur  par  rayoonaMnt  :  U  rayonnemant  da  court*  longueur  d'onda, 
d' origin*  aoUlra,  allmanta  an  dnargle  1'anaambl*  du  systdM.  T  raver  cant  pratlqueMnt 
aana  absorption  la  couch*  atmoaphdrique  conalddrda,  il  aat  an  partla  rdfldchi  4 
1' interface  at, pour  la  rest*,  abaorod  par  Us  pramiars  mdtras  da  U  M*a*  ocdanlqu*. 
Par  alllaura,  1*  rayonnamant  de  grand*  longueur  d'onda  Optra  ua  traaafert  rcdlatlf 
d 'dnargle  antra  la  aurfaca  liquid*,  la*  couches  supdrlauras  da  l'atmoaphdre  at 
l'aspae*.  C*  transfart  entrfltne  an  gdndral  un  rafroidisaamant  locallad  4  1' interface 
at  pourrait  dgalamant,  dan*  l'hypothda*  d'un*  dlvarganca  apprdciabla  du  flux 
corraspondant ,  modifier  laa  dchangaa  thermiques  dans  la  couch*  da  surface  da 
l'atmosphdr*. 
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b)  l*  traaafart  da  vapaur  d'aau  at  d'anthalpia  latanta.  L'hunldltd  spdclflqua  caturanta 
au  olvaeu  da  l'iutarfaca  deant  as  gdadral  dlffdrante  da  1' humid ltd  spdciftqua  da  l'air 
dac  basset  couch**,  un  ptocaaeue  d'dvaporation  (ou  da  coodacaatlon)  at  da  tranefert 
par  ceovaetioa  at  diffusion  moldculalre  at  turbulante  s'dtabllt.  Compte  tanu  da  la 
valaur  dlavda  da  la  ehalaur  latanta  da  vaporisation  da  l'eau,  ca  procaaaua  antrais^  un 
important  transfart  d'anthalpia  antra  l'ocdan,  ft  qui  ilH  aat  ampruntde  sou#  la  font* 
sensible,  at  I'atmesphftra,  ft  qui  alia  aat  apportde  aoua  la  forme  latanta. 

a)  La  traaafart  d'anthalpia  sensible.  Laa  £ carte  da  taapdrature  au  eain  du  systftme 
provoquant  das  traaafarta  d'anthalpia  sensible  d'un  point  ft  l'eutra,  par  convection 
at  diffusion  moldculalre  at  turbulante . 

d)  La  traaafart  d'doergia  mdcaniqua.  11  a'affaetua  la  plus  souvaat  da  i'at&..phftre  vara 
l'ocdan.  A  I'dchalla  conaiddrda  ini,  il  a  pour  affat ,  d'un#  part  la  formation  da 
ceoehaa  llmltaa  turbuiantaa  dynaalquaa  dans  l'air  at  dan*  l'eau,  at  d'autra  part  la 
gdadratlen  daa  vagus*  ft  la  aurfaca  da  la  mar. 


1.2  r,  AtftkMlMSt.  .1 


Du  point  da  vua  daa  quaatitda  d'dnargla  mlaaa  an  Jau,  la  raytmnament  at  I'dchenga  da 
vapaur  d'aau  apparalaaant  comas  prdponddranta ,  l'f  'hanga  da  ehalaur  sensible  deant  nattaamnt  pi-  i 
faibla  at  calui  d'dnargia  mdcaniqua  ndgligaabla.  11  n'aa  faudrait  paa  pour  autant  cone lure  qua  e* 
darniar  procaaaua  aat  d'un  lntdrlt  aecoodal.o,  So  affat,  la  tauac  daa  dchangaa  do  citoleur  at 
d'humiditd  antra  l'ocdan  at  i'atmoaphftra  depend  aaaantiallamant  da  laura  mouvaaante  moyaas  at  turta* 
lantc  dont  la  structure  cat  oil* -ate*  gouvarnda  an  pramiar  llau  par  laa  dchangaa  mdcanlquas 
(voir  PMSSTUY  (1939),  UIMUV  at  PAHOPSSu  (1964),  M0M1M  at  YACLQK  (1966)  ).  Aintl.ls  consarvation 
da  la  vapaur  d'aau  at  calla  do  l'anthalpia  obdiaaant,  dans  la  caucht  da  aurfaca  d'una  ataot^.ftre 
atratifida,  aux  d  qua  t  Ions  moysnnet  sulvantaa  (voir,  par  neap  Is  ^  COANTIC  ('968)  )  : 
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dano  lcaquallaa  laa  tarmaa  da  transfers,  par  la  turbulence,  Jf'w1  ,  #Vr  ,  aont  d'una  importance 
prdpooddranta .  Or  on  taxsaa  ddpeodsnt  aaaantiallamant  du  procaaaua  mdcaniqua  qui  ca  comparts 
dene  comae  un  catalyeaur  a  l'dgard  da  l'anaamble  daa  dchangaa  dnargdeiquas  dont  11  contrDla  la 
nlvaau  par  la  blaio  da  la  turbulanc*. 
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Canalddrona  aaulamant,  pour  l'lnatant,  l'anthalpia  meysana  qui  const ltua  1'essantlal  da 
l'das^gia  attachda  ft  un  dldmant  da  voluma  doend  du  ayatftma.  Dana  I'atmoaphftra,  alia  aara  la  aoanm 
du  l'anthalpia  aanslbla  at  da  l'anthalpia  latanta  : 


1=1.+  !,=  F[Cr(©-47  5)  +Zf] 


(  3  ) 


Dana  l'ocdan,  alia  n'apparattra  au  cootralra  qua  aoua  la  font  aanslbla  : 

!.=  ^(-8-173)  <t, 

Avoc  l'hypothftaa  d'un  phdnemftne  "plain amont  ddvaloppd",  c'aat  ft  dlra  an  ndgllgsant 
laa  termts  d'advactlon,  l'dnargla  aat  transfdrda  sulvart  la  dlraetlen  vsrticala,  par  la  jau  das 
procaaaua  a) ,  b) ,  c) ,  ft  daa  taux  qui  s 'axprlaant  comas  suit  t 

-  pour  la  rayoanamant  dans  I'atmoaphftra,  aomw  daa  flux  offset  if#  da  patltas  at  da  grander 
longueurs  d'ondaa  i 

„  i/  iff 


Pour  la  rayoanamant  dans  l'ocdan  t 

a1-  «** 

four  la  transfart  d'anthalpia  latanta  t 

L  =— 2S 


l  ?r 


3. 


<  3  ) 

(  6  ) 
(  7  ) 


17-3 


-  Four  la  tranafart  d'antbclfsl*  seat tb la,  dm  I'atBOaphSre  at  dim  I'oedan  t 
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Le  let  deration  da  1'e.juation  da  c9n«arvatlon  da  1'dnergl*  pesmt  a  lor  a  d'dtablir  la 
relation  (fob*!*  (C£  CQAKTIC  (1S68)  )  : 


S  +  L+  Q-S'+Q*”  Cta.  (10  ) 

Cfvtta  Aquation  t E:odamntala,  qu'illustra  la  Figure  1,  tr adult  la  conservation  du  flux  total 
d 'Anergic  ttao*tdrd  ants*  1'atnosphAro  at  I'oedan.  Kg  plua  du  rftl*  Joud  par  la  turbulence,  alia 
act  clelrament  -n  dvldanca  la  fait  qua  las  forma  aoua  laaquallaa  apparatt  I'daargle  at  las 
ndccnlatna  pgr  laaquala  alia  aat  tvinafirle  ehangant  t  la  travavada  da  l'lntarfac*.  Coopt*  tauu 
du  bilaa  global  at  dae  condition*  pour  laa  divarsaa  varlablaa  out  la  Halt*  cossauna,  laa  divers 
nodes  da  traniifart  apparalasant  done  ccona  lntlnanant  lids. 

SI  noua  ravanoBS  prdaent  aux  autras  forms  da  l'Aaergla,  st  an  part  ieu  liar  t 
l'daeriji*  cinAtlqu*  noyann*  corraapondsnt  aux  dlvara  nouvamnta,  nous  voyoett  apparattra  darn  laa 
dquetlou*,  non  aaulemnt  do*  tarms  da  transfart,  mis  ancora  das  t*n**i  da  production  at  da 
dissipation  qul  traduleeot  daa  transformtlon*  diractaa,  au  aaln  da  ehecuaa  dau  daux  phaoaa, 
d'une  form  S  una  autre  de  l'dnargle.  Alnal,  pour  I'dnergle  de  la  turbulence  dans  1'atamepMra, 
11  vlent  : 
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qul  nontra  qua  la  nlvaau  da  turbulence  ddpend  lei,  dluna  part  daa  ndcaAism*  claaaiquea  da  pro¬ 
duction,  P  ,  l  partlr  du  nouvamnt  noyan  at  da  diaelpatlon,  'ip7  ,  an  cbalaur,  at  d'autra  part 
du  travail  daa  force*  C'AACHDSDE,  A  ,  qul  affectua  una  "production"  poeltlve  at;  ndgatlv*  da 
turbulence  aux  ddpane  da  l'anthalple  aanaibla.  C'eat  da  la  valaur  du  nonbre  de  RI3HARDSW 

gdndrallad 


(12  ) 


qua  ddpemdrout  1*  nlvaau  at  la  atructur*  de*  mouvanant*  turbulent*,  at  done,  an  ddflnltlva, 
l'cnaeable  dae  dchangee  dtudids. 


In  cone lue Ion,  1* Interaction  antra  laa  dlvara  proctsaus  da  transfart  paratt  conati- 
tuar  l'ua  daa  factaur*  oasantlals  du  probltaa  daa  dchangaa  d'dnargl*  antra  l'atmoaphdra  at  laa 
oedana,  dont  laa  dlvara  aspect*  n*  aauralent  done  Itr*  dtudids  laoldaant. 


2. A.  Ua  nowamnt*  da  l'lntarfac*  ; 

La  aurfac*  da  1'ocdan  aat  an  lad*  da  nouvamnta  coaplaxas  qul  antratnent  ua  couplag* 
antra  laa  procaaaus  adcaniqua*  dans  l'alr  at  dan*  l'aau  at  aodlflant  done  la  atructur*  turbu¬ 
lent*  da  ca*  daux  alllaux  at  las  adcanlsms  da  tranafert  d'dnargl*  dont  11a  aoat  la  aldga. 

Sn  par:  iar,  aulvant  las  valaurs  relative*  da  la  cdldrltd  da  propagation  daa 

vague*  at  da  la  vltaaa*  du  vent,  l1 Importance  respective  daa  tanaiooa  d»  '  "angantlallaa 

at  da*  force*  da  praaalon  normiaa  dans  la  tranafart  da  quantltd  da  aouv*..  sir  A  l'aau 

paut  verier  dans  das  proport Iona  cocalddrablas .  La  aacood  nod*  d'dchang*  n'ayku  as  son  dqul- 
valant  pour  l'anthalpl*  ou  la  vapaur  d'aau,  1*  dagrd  da  alallltud*  antra  laa  different* 
processus  da  tranafart  aat  asaantiallemnt  variable.  Las  thdorlaa  clasalquea  d'analogla  da 
aiWOlDS  n*  pourront  done  vralamblablamnt  pas  Itr*  vdriflda*  au  velalnag*  da  l'lntarfac*  at 
una  dtuda  approfondl*  du  wdcanlam  dynamiqu*  dene  catta  rdgloo  aat  ndcassalr*  *1  l'on  vaut 
parvanir  1  y  ddtamlear  laa  taux  da  tranafart  da*  variable*  acalalra*. 


3  •  CONDITIONS  Si  SIMULATION  OSS  PUBNOMENSS  NATURELS  : 


3.1'  Lea  orlncloaux  factsura  A  raoroduira  i 

Coapte-tanu  du  alcaalnw  pbpstqu*  das  dchange*  naturals,  las  dtudes  da  laboratoira 
prdvwa  portaroat  aur  la  structure  das  couehaa  Unites  turbulent*#  da  vitessa,  da  temperature 
at  I'humidltd  obtanuas  *  1' interface  d'un  deoulastant  d'air  at  d'tma  nappe  d'eau.  En  contrOlant 
la  vitas  aa,  la  temperature  at  l'humldltd  da  l’alr,  a  Inal  qua  la  vltaaaa  at  la  temperature  da 
l'aau,  las  processus  fondamentaux  da  transfart  da  quantltd  da  mouvament,  da  chaleur  at  da  nasse 
sa  t  rostra  root  affect  ivamsnt  ala  an  jau.  Blen  qua  la  pr  obi  tees  ainel  ddfinl  soit  ddJA  d'un 
intdrtt  sclent  If  lque  certain,  11  ast  dair  d'aprAs  ca  qul  a  dtd  dlt  plus  haut  qua  las  experiences 
affectudea  ne  saront  rdellsment  significative#  vis  A  vis  daa  4 changes  ocAans-a taosphSra  qua  dans 
la  tuaautn  oA  las  trolit  factaurs  particular*  qua  constituent  la  structure  turbulanta  da 
l'aCaosphAra,  las  affats  da  la  stratification  at  las  aouvemants  da  1* Interface  saront  reprodulta, 
su  wins  partlallawnt .  Ceci  paratt  possible,  A  condition  da  rdaliser  una  Installation  da  dimen¬ 
sions  sufflsaansnt  grand**  at  d'adoptar  certain**  dispositions  particular**. 

3.2.  la  coucha  Unite  dmawlqus.  at  la  reproduction  dt  la  structure  turbulanta  da 

ISaK*j2feiis_;. 

In  repartition  da*  vitessas  at  la  structure  turbulanta  da  la  coucha  da  surface  da 
1'atmoephAr*  prdaentent,  comma  on  la  salt,  una  dtroita  an* log  1*  avac  cell*#  da  la  rtglon  Interne 
da  la  coucha  Unit*  erfd*  aur  una  plaque  plana  plus  ou  wins  ruguaus*.  Ca  fait  ast  nla  &  profit, 
dapuis  un  certain  n ombre  d 'anode* ,  pour  la  realisation  da  aoufflerles  da  simulation  atmosphd- 
rlque,  ou  "tunnel*  alcrondtdorologlques" ,  desclndes  notasnent  A  das  dtudes  da  diffusion  (voir, 
par  example.  fOCOK  (1960),  PUTS  at  CKHMAK  (19S3),  WAY  (1968)  ).  L'dcoulemnt  atmoaphdrlqu* 
oat  carsctdrlsA,  d 'una  part  par  daa  valaurs  extrSnamer.t  dlevdes  du  nombra  da  Reynold#,  d' autre 
part  par  dca  affats  da  stratification  ddpandant  du  noubre  da  Richardson ,  Una  alnilltuda  aatla- 
faiaanta  ne  pourra  Ctra  attaint*  au  laboratoira  qua  ai  caa  paraaAtras  conservent  daa  valaura 
coovannblea  ;  or,  pour  atteindre  das  nombra#  da  Richardson  dltvds,  il  ast  nSceasalre  da  crier 
daa  dearts  da  den# it e,  at  done  da  teaperatura ,  aufflaanta  tout  en  ramenant  la  vltaaaa  d'ecoulaaant 
A  Is  valour  la  plus  falbla  possible  ;  par  consequent,  pour  qua  la  nombra  da  Reynolds  conserve 
wlgrd  reel  urns  valeur  aufflaaummnt  Important*  at  pour  qua  lea  affeta  cumulatifs  da  la  stratifi¬ 
cation  palsaeut  It  re  dAcalda,  11  aat  nfcassaire  da  realisar  das  Installations  da  grande* 
dlficsaions.  Das  conclusions  analogues  sent  obtanuas  #1  l'oo  s'lntdresse  i  la  alnilltuda  daa 
profile  da  vltaaaa  an  f one t Ion  daa  hauteura  equivalents*  da  rugoaite  ou  daa  longueurs  da 
MOMDMMOnHV,  ou  si  l'oo  considers  las  fchelles  relatives  qua  dotvant  poasdder  lea  groa  tour- 
billoos  portauro  d'enargla  at  lea  patlta  tourblllon#  rsaponaablas  da  la  dleslpatlon  pour  qua  la 
processus  da  cascade  d'enargla  deer it  par  KOLMOGOROV  pulsse  a'dtahllr  dans  un  domains  appreciable 
da  oombres  d'oadas  (SAND  BO  EH  at  MARSHALL  (1965)  ). 

La  valna  daa  soufflarlaa  da  simulation  atmospheriqua  attaint  alnsl  aaaas  oouramwnt 
pluaiaurs  dlaalnaa  da  aAtrae  da  longueur,  at  las  dcarta  da  temperature  qul  y  soot  crees 
plus  lours  dlsalna*  da  dsgrda ,  tandls  qua  l'oo  s'afforca  da  nmanax  la  vltaaaa  S  das  valaurs  da 
i'ordra  da  1  A  2  m./s.  La  longueur  da  valna  adoptee  icl  ast  da  40  aAtraa,  lea  Scarta  narlna  da 
taapdntur*  at  l'humldltd  aont  fixes  A  30*C  at  25. 10*3  kg.  d'aau/kg.  d'air  at  la  gross  da  vltaaaaa 
premia  a'etand  da  1  A  14  m./s.  Un  calcul  approche  das  caracterlstlquaa  da  catta  Installation  a 
ltd  affoatud,  «t  certains  das  idsultata  aont  preaontes  aur  la  figure  2,  net tent  an  evidence  la 
large  gasma  do  variation  daa  paramltres  sans  dims  ns loos  qu'll  sera  possible  d'y  couvrlr. 

Isl«  ug  aMriat  Uaiiu  fr  Jaatlatm  ii-naMtettoUtoi 

tmtoi  tialtvy  ww*«  i 

B1  la  structure  turbulanta  da  l'ecoulamsnt  ast  aatlafalaante,  la  fait  da  order  un 
dcart  da  tamperatura  antra  l'ecoulamsnt  d'air  at  la  nap:  .  liquids  provoque  l'apparition  d 'una 
coucha  limits  tharmlqua  at  da  tranafarts  turbulanta  d'anthalplo  sensible  qul.  dans  la  region 
Interna  da  la  coucha  limits,  prdaantant  una  bonne  similitude  avac  ceua  qua  l'oo  ranoontra  daaa 
la  ooueha  da  aurfaca  da  l'atmoephAra.  II  an  ast  da  alma  pour  la  transfart  turbulent  da  vapour 
d'aau  ai  l'oo  aide  un  dcart  antra  1 'humid It <  specif  1  qua  du  courant  d'air  at  l'hwiditd  spdclfiqus 
aaturanta  A  la  aurfaca  da  l'aau. 

las  equations  geuveraant  caa  transfart*  dtant  lladalraa  via  A  vis  das  variables 
temperature  at  huaUltd,  la  dagrd  da  simulation  daa  phenomena*  naturals  aat  Indd pendant  daa 
dearts  erdda,  qul  pauvant  dene  dtra  finds  aim  valours  eouveaaat  la  alow  A  1' execution  daa 
oapdrleacee.  Gael  n'eat,  dvldasmmat,  v*  labia  qua  dans  la  maaura  oA  la*  variables  sea  la  Irma 
pave  aat  it  re  effect  Ivemamc  oaaaiddxeaa  eemsa  daa  ccMmalnanta  pass  If  s ,  e'aat  A  dire  daaa  la 
wears  oA  la  acsebru  da  llehardssn  rests  adgllgaabla.  Conw  la  moatra  la  figure  Id,  la  valour  da 
as  dermlar  parwbtra,  oaleulAa  daw  la  region  interne  is  la  aouehs  limits  (  a/6  >  0,15  )  at  pour 
an  Inert  da  temperature  da  23*C  antra  l'alr  at  l'aau,  aat  urns  feaotlea  factaaaat  dduraiaaaata 
da  la  vltaaaa  do  l'alr.  Pour  lea  valaurs  elevens  da  eaten  larmier* ,  las  affats  da  stratification 
teat  daw  adgllgsabisa ,  at  laa  Aaarta  da  temperature  at  d'hwidlte  paarraat  dtra  finds,  aftn 
d'aaarottra  la  prdclaiaa  daa  maauroa,  aw  valaura  las  plus  dlsvdee  autorlsdaa  par  1ns  puiseamaes 
laatalldaa,  soit  una  diaaina  do  daerda  at  da  2  e  10  gr.  d'aau /Kg.  d'air.  Aw  fa  lb  laa  vltaaaaa, 
la  stratification  deviant  au  eoutrmlru  I'ua  daa  factaurs  aaneatiala  da  l'anudr lanes  at  aaa  dcarta 
strait,  sole  yslwtatra— t  limltda  afla  U  raster  au  vaiiiaagt  4a  U  stahlUtd  aoutre,  salt 
finds,  an  f ear. t lea  du  aanfere  da  Rlehardaon  qua  l'aa  da* Ira  atteiadra,  A  daa  valaurs  pouvamt  Acre 
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ralativaamnt  important**  :  da  l'ordr*  da  30’C  at  23  gr.  d'uu/kg.  d'alr,  Lu  aflat*  Ah  dcbaagu 
natural*  A'AMrgla  rdaultant  du  rayouria—nt  psralaaaat  pouvolr  Atr*  raprodulta  an  pmUi* 
approximation  au  laboratolr*.  A  l'dchall*  ecnalddrd*  lei,  la  rayoaaaaMt  A'orlglM  aolaira  a 
pour  cocsdquanca  principal*  ua  dchauffaaant  global  da  la  bum  ocdanlqu  at  la  chauffag*  da  la 
nappe  liquid*  an  ceaatltua  m  simulation  aecaptabla.  La  probltaa  du  rapaaaaaaat  da  plu*  grand** 
looguaura  d'ondu  eat  plu*  coaplaaa,  an  ralaoa  da  la  poaalbllltd  d'una  divergence  eon  adgllgaabl* 
du  flux  rad  lac  If  dan*  lu  basaa*  coucbea ,  Mia  l'affat  uautlal  ut  gtedralanaae  un  ratralt  da 
chalaur  localise  sur  l'lntarfaea  alla-mlna.  La  ra  fro  Idle*  aunt  da  eatta  hAm  aurfaca  par  twit* 
da  1' evaporation  jouara  done  un  rftle  analogue.  Ob*  reproduction  plu*  directs,  at  lad4;eadat..a, 
da*  dchanga*  radlatlf*  da  grand**  looguaura  d'ondas  **ra  rdallad*  par  alllaura,  on  aglaaaat 
aur  la  tanpdratura  da  la  parol  eupdrlaura  da  la  valne  d'anpArlaneu,  at  done  aur  l'doargl* 
dchangd*  par  raynonaunt  antra  catt*  parol  at  la  surfaca  da  la  napp*  liquid*. 

3.4.  La  reproduction  da*  now*—nt«  da  I’lntarfaca  : 

L’obtdntlcn,  au  laboratolr*,  da  vaguu  poaaddant  du  caractdrlatlqu**  statist  lquu 
a*ab labia*  A  call**  das  vaguu  aagandrda*  dan*  la  nature  a  fait  l'objat,  c*»  darnlbru  aandu, 
d'un  ncnbra  apprdclabla  da  travaux  doot  la  but  dtalt,  aolt  da  parvanlr  A  affactuar  du  aaula 
tacbnlquaa  rdallaaant  *lgnlf lcatlf* ,  aolt  da  proeAdar  A  la  verification  •xpdrlaantal*  du  thdorlaa 
da  la  generation  da  PHILLIPS  at  da  HI  LAS.  Nous  citerou,  panel  d'autraa,  VKIAS  (1963),  HDT  at 
PLATS  (1963) ,  GUPTA  (1966) ,  lu  travaux  du  WAZSKLOOPnjHDXC  LABO&ATOKIUM  (1966  a,b) ,  COLOKLL 
(1966).  Afln  da  parvanlr  A  un*  simulation  utlafalauta  da*  vaguu  dlaeyaitrlquu,  lrrdgullAru 
at  trl-dlaanalotmalla*  qua  l'on  reneontro  dan*  la  nature,  11  ut  ndcuulr*  da  rdallaar  du 
installations  da  dimensions  leportantu.  Lu  "souff larlu  A  vaguu  da  vent"  attalgnent  oaau 
couraanant  un*  longueur  da  40  ou  mlu  100  adtru,  at  un*  largaur  da  plualaura  attna .  Lu  parol* 
lateral**  dolvant  Itra  llsaas  at  parallAlu,  da  fagon  A  e*  qua  lu  rdflaxlon*  aolme  dqulvalaatu 
A  du  sourcu  laaga*  an  anvergur*  Inf  in  la,  at  l'extrdmitd  aval  du  canal  dolt  Atr*  aunla  d'una 
plage  poaaddant  ua  coefficient  d' absorption  dlavd • 

Lu  caractdrlatlquu  du  vacua*  qul  saront  angendrda*  dan*  1' installation  prdvuc  out 
fait  l'objat  d'un  calcul  approx  lost  If ,  dent  certain*  du  rdaultats  eont  present  da  sur  la 
figure  2c.  II  apparalt  possible  d'obtanlr  du  vaguu  da  gravltd  d'tmplicut*  appreciable,  aurtout 
pour  lu  vltaaau  lu  plu  dlavdu,  uia  alia*  rut  ant  dan*  la  domalM  du  vaguu  "Jauaaa"  doot 
la  cdldrltd  da  propagation  n'ut  qu'una  falbla  fraction  da  la  vltuu  du  vent.  Par  consequent, 
ecu  11  *aad>l*  ndcuulr*  da  pouvolr  fair*  varlar  inddpandaieaant  da  la  vltuu  du  vant  l'aapll- 
tuda  at  aurtout  l'Aga  du  vaguu,  un  gdndrataur  artificial  da  vaguu,  ou"batt*ur'’ ,  dolt  Atr* 
prdvu  A  l'antrda  du  canal.  La  alnilltud*  me  lu  nouvenanta  natural*  rcatara  an  prlnclp*  utla- 
faltanta  *1  c*  gdndrataur  ut  cn— nild  par  du  algnaux  aldatolru  cooveneblaa  at  *1  lu  uauru 
aont  affactuda*  euffisaanant  loin  an  aval. 

3.3.  flUaaJLStett  m&isamai  i 

La  but  pourauivl  dtant  la  simulation  du  phdnrvaAne*  A  deux  dlnaulcne  qul  *a  d*v» lop- 
pant  dan*  la  cm  d'un*  anvergur*  inf  in  is,  11  apparalt  ndcuulr*  da  rddulra  au  nlnUanu  lu  affat* 
trl-dlanulonnala,  at  lu  nouvenanta  aacoodalraa  caractdrlatlquu  du  dcoulannta  an  coadultu 
da  aactioo*  non  clrculalra* ,  doot  lea  vain**  d'axpdrlancu  da  grand  allot! gaunt  aont  aouvant  la 
alAga.  On  paut  aglr,  dan*  ca  but,  d'un*  part  sur  1*  gdoodtrl*  da  la  vain*  doot  1*  rapport  da 
la  largaur  A  la  hauteur  dolt  Itra  ralatlvnaant  dlavd  (let  :  3,20  n./l,43  n.)  at  d'autra  part  aur 
la  ddvaloppamnt  du  couchaa  linitaa  paraaltu  du  parol*  laterals*  at  eupdrlaura,  qu'il  ut 
Intdruaut  da  limit ar, 

11  aat  par  alllaura  ndcuulr*,  aurtout  pour  lu  vltuu*  lu  plu  but**,  da  ddclaa- 
char  at  fixer  la  transition  dd*  l'antrda  da  la  vain* ,  au  noy*u  da  "turbulataur*1*  convaaablanant 
dlapuda.  On  paut  nAna  anvlaagar  d'accdldror  >  elite  la  l  lament  la  d  Aval  opponent  da*  dltfdrantu 
couch**  Unit**,  Mia  c*  proeddd  dolt  Atra  anployd  evac  prude  oca  si  l'on  vaut  qua  la  atructur* 
da  l'dcoulanant  rut*  uciafaiunt*. 

La  raprocnct ioc  eoapldta,  u  ainllltuda,  du  phdnonAn*  utural  au  laboratolr*  na  aanbla 
pu  pouvolr  Atr*  aoviaagd*.  Aar  contra,  11  apparalt  poo*  lb  la  da  rdallaar  du  axpdrianeu  ot  lu 
dlffdranta  proousu  physique  entrant  affect lvaaaat  an  Jau  at  dau  laaqullu  lu  paraaitra* 
fondanaatau  pauvant  attaindr*  du  vaiaura  ilgnlfloat lvu.  II  a'aglt  dau  1A  d'un*  atantatlM 
partialis  du  dchangu  naturals ,  doot  1*  pou  react  age  ut  difficile  A  cblffrar,  Mia  qul  pamttn 
da  ccntrAlar,  at  dvaatuaUanaot  d'andlterar,  lu  hypothAau  faltu  aur  lu  ndeanltnu  A  patit* 
dchalla  du  Interaction*  oedau-atnupbAra. 


4.-  CAAiCTSIlSTIQOKA  BIIMXi  POUA  L'WtAUATXCN.- 


D'aprAa  o*  qul  prdcAda.  I'installatlu  A  rdallaar  eorrupoad  m  fait  A  tna  aaufflarla 
da  •  lam  la  t  ten  acnoapbdrlqu*  doat  la  v*1m  aiiuMta  ua  caul  A  vaguu.  La  figure  3  *a  deans  la 
sabdM  d'anaanbla. 


La  aeufflarla  ut  du  type  "A  rat  our* .  lu  dlMMlau  bora-taut  aant  din  n  7,30  n  x  7,30n. 
U  v*1m  d'axpdrlancu,  loagaa  da  40  n,  a  un*  aactlaa  4*  3,20  n  x  1,43  n.  Una  variation  cent  lane 
da  la  vitsaaa  da  0,30  n/a.  A  14  n/a,  evac  ua*  precision  rata  a  da  2.10*1,  ura  ittmu  A  l'alda 
d'un  graupa  noto-vantllataur  hdllutd*  da  73  CV  A  coanand*  dlutroclqaa.  Afln  d’obtanlr  ua 
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fouctlounwarrt  atable  auz  vltuiu  lee  plua  buitt,  la  taction  du  conduit  da  ratour  a  dtd  volontai- 
ranent  dlalnud*  'a  parta  da  charga  totala  ddllbdrdaant  acccua  par  l’ adopt ion  d' dchangaura  thermiquaa 
6  ailataga  aarr*  t  qulariaent  l'dcoulenant  laaatdlataawnt  an  anont  da  la  cHaofcra  da  tranquilliaatlon, 
at  lai  dlffuaaura  nuut*  da  gdndrateura  da  toc-billona  ou  d'aubagaa  atablliaataura.  Af  in  da  luttar 
contra  laa  inconvenient a  daa  effete  trl-dia..  naloonela  algnalda  an  3,5.,  daa  d  la  pot  It  loot  partlculldrea 
aont  prdvua*.  On  a  adopt*  pour  la  auction  droita  da  la  vaina  canal  (voir  figure  4)  la  ayatdna  da 
qua  la  nia  au  point  au  WAXKBLOOFHUHDIS  LABOKATORIUM  (1966  b) ,  qui  ddllnita  au  contra  da  la  vaina 
um  region  pau  perturbde  par  laa  couchoa  linitaa  latdralaa.  La  ddvaloppanant  da  caa  darnidrea,  at  da 
la  concha  liaita  da  la  parol  aupdriaura,  doit  da  plua  Itra  contrOld  :  daa  vantilataura  du  type 
tangential  aont  prdvua  pour  an  aaaurar  una  aaplratlon  at  un  aoufflaga  uaiforaaa  4  la  pdrlphdrle  da 
deus  daa  auction  da  la  vaina  (voir  figure  3) . 

suaxstsitalam  totonUsam  i 

Afin  da  parnattra  la  rsontrdle  da  la  tanpdratura  at  da  la  puratd  da  l'aau,  una  circulation 
g  falble  vltaaaa  (da  0,01  n/a  6  0,10  n/a)  aat  aaaurde  da  l'anoot  vara  l'aval  da  la  vaina  canal  4 
l'alda  d 'una  ponpa  hdlisa  4  vltaaaa  variable  da  35  CV  dlapoada  aur  la  conduit  da  ratour.  laa  qua  la 
1  lai  toot  la  largaur  utile  du  canal  4  2,60  a  ;  at  profendaur  varla  da  0,75  n  4  1  n.  La  figure  6 
acMnatlae  laa  dlapooltlona  ad  opt  daa  4  l'entrde  du  canal  pour  uniforniaar  la  dibit,  parnattra  4 
l'dcoulauaot  C'air  d'attaquar  tangent iallaaaat  la  aurfaca  liquida,  at  angandrar  daa  vaguaa  au  noyan 
d'ua  battaur  lubnargd  da  conception  nouvalla .  La  plage  abaorbanta  dlapoada  4  l'extrdnitd  du  canal 
aat  conatitude  da  tubea  allgnda  eftta  4  c6«c  avac  una  Incline ia on  da  7*  aur  l'horisontala. 

S.l.  Caractdriatlauaa  hvarocharnlwa*  : 

Lea  tanpdraturaa  da  l'alr  at  da  l'aau  pourront  itra  fixdea  inddpanda— ant  4  daa  valaura 
raepriaaa  antra  3*C  at  40*C,  avac  una  prdciaion  da  0,1*C  environ.  La  degrd  hygrothemlque  da  l'alr 
4  l'antrda  du  la  vaina  d'axpdrlaneaa  pourra  dtra  naintanu  4  daa  valaura  conprlaaa  antra  60  Z  at 
100  X,  avac  una  prdciaion  do  1  1  environ.  La  figure  7  acbdawclaa  laa  dlapoaltlona  adoptdoa  pour 
cenCrdler  caa  varlablea  :  battaria  da  rafroidlaaanant  at  da  daaalc cation  -vr  condanaatlon;  battaria 
da  chauff^a  at  injactaura  da  vapeur  aur  la  circuit  d'alr  ;  dchangaura  frvtd  at  chaud  aur  la  circuit 
d'oau  ;  gdndrataura  tharmlqua ,  frigoriflqua  at  da  vapeur;  circuita  da  regulation. 

5.-  KgSAIS  a  MAQUKT7S.- 


llna  naquatta  coapldte  da  l'lnatallatlon  a  dtd  rdaliada  4  l'dchelle  1/5.  La  figura  8 
doaaara  una  idda  da  aa  conatruetion,  an  dldnanta  aiadnant  anovlblaa  rdaliada  princlpalonant  4  baaa 
da  natdrlaus  pleat lquaa,  la  canal  at  laa  dchangaura  dtant  ndtalllquea. 

ItL  link  atsaiumlsm  i 

Ila  out  parnia,  aa  praniar  liau,  da  cantrdUr  at  d'andliorar  la  atabilitd  da  facet loo - 
nonant  at  laa  caraetdriat lquaa  adrodpnaniquaa  da  l'lnatallatlon.  La  figure  10  pernat  da  comparer 
la  conflgucUioa  inltialanaat  prdvua  au  da  a  ala  and  1  lord  auqual  laa  eaaaia  out  parnia  d' about Ir. 

La  tint age  initial  prdaantalt  un  certain  nonbro  da  ddfauta  :  ddcollananta  done  laa  coudea  arroodia , 
NKvalae  allaantatlon  du  vantllataur,  rotation  da  l'dcoulenant  an  aval  da  co  dernier,  fonctloenenent 
ddfactuaua  daa  dlffuaaura,  la  tout  aa  t rad u leant  par  da  ldgdraa  lnatabllltda  da  preaaloo  at  un 
eoaff iciant  la  buaa  nddloera  (voir  figura  11  b) .  La  ranplacanant  daa  coudea  arroodia  par  daa  coudaa 
4  angle  drsi*  atali  d'aubagaa,  la  ddplacanant  du  vantllataur,  l'adjonctlon  d'un  old  d'aballlaa  dana 
la  tubulura  da  ratour,  oot  auppriad  laa  lnatabllltda  at  procurd  una  praaldre  and 11 ora t ion  do 
randanaat.  Laa  dlffuaaura  raataiant  toutafoia  la  aldga  da  ddcollananta  (usque l ■  11  a  dtd  prograaal- 
vananf  raaddld,  par  reduction  do  l 'angle  d'ouverture  ot  aiaa  on  place  do  gdndrataura  da  tourblllona 
pour  la  dlffueeur  aupdrleur,  at  par  adjonctlen  da  cloleone  pour  loa  dlffuaaura  Infdrlaura.  La  valour 
du  coefficient  da  buaa  a  dtd  encore  andliorde.  Cotta  configuration,  ayant  dtd  jugda  aatlafalaanta, 
a  dtd  adopt 4a  pour  l'lnatallatlon  prlnelpalo,  dont  laa  caractdriatiquaa  e«rodynaalques  ont  alora  dtd 
aa leu Idea  an  appllqoant  laa  lota  da  la  ainilltuda  (voir  figure  11  a) . 

Caa  eeeaia  avaiant  dtd  affaetuda  an  a  tan  lent  la  nappe  liquida  par  un  planch* r  racouvart 
4 'una  parol  endulda.  Aprba  mine  au  aau  du  canal,  on  a  pu  vdriflar  qua  la  fooct lmrwaaant  adrodyna- 
niqua  global  a 'dealt  paa  nod  if  id.  One  nouvalla  exploration  detail Ida  da  l'dcoulenant  dana  la  vaina 
a  alora  dtd  affaetuda,  done  laa  figutea  12  at  13  ptdaaatont  qua  lquaa  rdauleata.  Ceux-cl  llluatrant 
la  ddvaliypt— nt  da  la  concha  liaita  aur  la  aurfaca  liquida  an  mm»wr  at  eoafimant  l'lntdrdt  daa 
diapaoitifa  da  ccetrdie  d'dcoulaaant  dana  la  vaina,  dent  la  niaa  au  noint  aat  an  court. 

Mi  Iwli  Moediam  i 

La  prinelpe  4a  fanetloeaaowQt  du  battaur  lanergd,  at  laa  proprldeda  ahaorbantaa  da  la 
plaga  ont  dtd  vdrlflds  aur  um  naquatta  a  us  Ilia  Ira.  Laa  caractdriatiquaa  globa’a*  du  circuit 
hydrenlique  aat  fait  I'objet  d'un  praniar  train,  D'aprie  l'obaarvatica  4m  vaguaa  aagandrdaa  par 
la  vent,  dent  la  figure  9  doanara  una  Ude,  laa  die  pea  It  loot  adoptdoa  pour  la  canal  aanblant 
aatlafalaantaa  an  aa  qui  anMarna  In  taotrdla  daa  anvenanta  da  1' Interface.  Daa  aasaia  plua  ddtaillda 
m  paarauivant , 

Mi  mut  taaatfaaoadt  i 

La  bunua  narcha  da  1'anaaabla  da  I'apparailUga  at  daa  circuita  da  regulation  a  pu  Itra 
vdrlflde.  Cm  tanpdtntusa  ninioala  da  3*C  at  un*  taapdvatura  aaslnala  da  40* C  ant  dtd  atteietea 
Mar  ana  vltaaaa  4a  •  n/a.  La  diapoaitU  da  rdgalatina  ut Iliad  aaaura  la  atabilitd  an  tanpdratvr*  4 
T  0,13*0  prM.  La  eeatrbla  du  dngrd  hjgiendtrlqut  per  oaadaaaatiou  ear  la  hattarU  fro  Ida  ou  par 
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Injection  d*  vtptur  a  fait  I'objat  d 'ease  Is  d 'apris  la* qua la  la  priaclpo  da  fooctlaanaasat  rataaa 
udbla  va lab  1* .  Una  exploration  ddtailld#  du  ddvaloypaint  daa  couchaa  limit**  t banal  goes  dame  la 
vat aa  a  dtd  antraprlaa  at  la  figure  14  prdaamta  qualquaa-uns  da  profit*  da  tampdratmo  maaml*. 

6.*  COHCLDSICB. 


L' axeman  daa  micaaiaoaa  phyalqua*  A  pat It*  dchalla  ccamwa  comma  roapamsablos  daa  lab saga* 
dinars  la  antra  la  eoucba  da  aurfaea  da  l'ataoaphAr*  at  laa  ondana  parmat  d'ldantlflar  laa  piaaaaaaa 
fondamantaum  da  tranafart  da  quaatltd  da  mouvamant  at  d'dnargla  mdcaaique,  da  tranafart  da  vapour 
d'aau  at  d'aathalpla  latatita,  at  da  tranafart  d'aathalpia  sensible,  doat  la  raproduetioai  oat 
ndcaaaair*  pour  l'dtuda  'u  laboratoira  du  phdnfladna  natural. 

II  apparalt  ladiapanaabla,  pour  qua  laa  axpdrlaneaa  aolant  significative*,  da  tamlr 
compta  daa  fact aura  partleullara  qua  constituent  la  atructura  turbulanta  at  l'dtat  da  stratlfl- 
catloc  da  l'ataoaphAr*  d'uaa  part,  at  laa  aouvamecu  da  la  aurfaea  ocdaniqua  d'autra  part.  11  am 
rdaulta  qua  la  dlapoaitif  axpdrlaastal  dolt  Itr*  da  d  Isaac Iona  Import an tea  at  qua  laa  toad It lama 
qul  j  aaroot  dtabliaa  dolvoat  pouvolr  verier  daa*  d'aaaaa  large*  proportions. 

Laa  donndaa  obteauaa  aat  aaevi  da  baaa  t  l'dtabllaaamant  du  projot  d'uaa  laatallatiaa 
da  racbarchaa,  doot  laa  earactdrlatiquaa  eat  pu  Itr*  csotrlldea  par  daa  aaaaia  ddtailld*  affect ode 
aur  una  amquatta  4 'dchalla  plua  rddulta.  Catta  lnatallatlou  eat  actuallasaut  aa  eooro  da  conatruc- 
tleu,  at  a*  ala*  aa  aarrlca  aat  prdvu*  au  eoura  daa  da  ns  la ra  sola  da  l1 anode  1970.  Laa  axpdrlonoo* 
y  aaroot  a.factuda*  daa*  daa  condition*  blan  dd fin  la a  at  roproduetlbloa,  at  on  pout  panoar  qua 
laa  phdnondnaa  no  irala  a’y  trouvaroot  clou  Ida  da  fa;oo  utiliaabla.  Laa  mdcamlamaa  fomdamaotaun 
par  laaquala  a'opdrant  laa  dchangs*  d'dnargla  antra  laa  oedana  at  I'ataoaphdr*  pourroot  done  y 
fair*  I'objat  d'una  dtuda  appro! ond la ,  dana  daa  condition*  favorablaa. 
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FIGURE  2  CARACTERISTIQUES  CALCULEES  OE  ^INSTALLATION 


■Ml  t  I 


IRE  3  SCHEMA  DE  LA  SOUFFLERIE 


,1] 


LA  VEINE  CANAL 


VCINC  fc  hamm  Kftfwtrt 
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IS 


SUKHARY 

A  theoretical  study  of  the  Inter-relation  between  the  velocity  field  In  shear  layers  and 
diffusion  processas  Is  presented,  adverse  pressure  gradients  are  a v>  Included.  Such  Inter¬ 
relation  Is  of  fundamental  Interest  In  the  study  of  shear  layers  and  Is  Independent  of  the 
existence  of  diffusion  processes  In  natural  surroundings  such  as  air  pollution.  The  discussion 
Includes  a  variety  of  concentration  profiles  likely  to  be  encountered,  it  Is  limited  to 
molecular  laminar  processes  but  can  be  extended  to  turbulent  ones  without  great  difficulty. 

This  approach  should  bo  usaful  for  Wind  Tunnel  simulation  s'.udtes.  Freon  12  or  21  is 
suggested  as  tha  diffusing  agant  because  It  can  ba  detected  in  irlnute  quantities  without 
affecting  the  flow  field  an  -  because  the  S.^mldt  number  of  thesr.  gases  diffusing  In  air 
Is  close  to  unity.  During  tha  same  run  of  the  Wind  Tunnel  a  p!  .ot  tube  can  measure  a 
velocity  and  a  concentration  profile  giving  together  information  which  Is  complementary  and 
practically  Impossible  to  obtain  by  other  means.  Preliminary  experimental  results  are 
also  shown  In  which  this  method  was  applied  to  trace  the  dividing  streamline  In  shear  layers 
with  on  adverse  pressure  gradient. 
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Sub-Indices 


c 

I 

I 

0 

T 

I 


mast  concentration  parameter 

coefficient  of  diffusion  of  component  I  Into  2 

specific  heat  at  constant  pressure 

the  form  factor 

Integrals  defined  by  equation  5-3 
arbitrary  big  number  (usu»Hy  50  or  100) 
pressure 
Prandtl  Number 

an  arbitrary  function  of  velocity  of  diffusion  defined  by  5-2 
Reynolds  Number  based  on  shear  layer  thickness 
Schmidt  Number  -  v/D 
Tenperature  (abs) 

velocity  at  tha  outer  edge  of  the  viscous  layer 

the  x  end  y  components  of  the  velocity  of  diffusion 

the  x  and  y  components  of  velocity 

non-dimensional  velocity  components 

mean  velocity  of  diffusion  across  the  sheer  layer 

arbitrary  parameters  related  by  eq.  5*4 

the  concentration  parameter  defined  as(C  -  -  CJ 

thickness  of  the  velocity  sheer  layer  0  0 

thickness  of  the  diffusion  layer 

concentration  thickness  defined  by  eq.  4-4 

coefficient  of  apparent  kinematic  viscosity,  arbitrary  small  number 

relative  thickness  of  the  velocity  layer 

relative  thickness  of  the  concentration  layer 

coefficient  of  thermal  conductivity 

coefficient  of  viscosity 

coefficient  of  kinematic  viscosity 

dens  I ty 

boundary  layer  momentum  thickness  at  the  edge  of  the  step 


refers  to  the  concentration  fltld 
rafars  to  tha  i-th  component 
refers  to  the  Inflection  point 
refers  to  conditions  on  the  line  u  ■  0 

refers  to  effective  (total)  value  for  a  turbulent  shear  layer 
refers  to  the  outer  edge  of  the  shear  layer 


ON  THE  USE  OF  DIFFUSING  DEFECTOR  GASES  IN  THE  STUDY  OF  ATMOSPHERIC 
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SHEAR  LAYERS  WITH  ADVERSE  PRESSURE  GRADIENTS 
Joseph  S.  de  Kras  Inski 


I.  INTRODUCTION 

Theoretical  relations  have  Seen  deduced  bet**en  the  velocity  fteld  and  concentration 
profiles  In  shear  flow.  Such  relations  might  prove  useful  in  wind  tunnel  simulation 
techniques  where  small  quantities  of  a  diffusing  gas  can  be  Introduced  and  matured 
at  will.  This  study  is  developed  for  laminar  shear  layers  but  night  be  extended,  using 
empirical  coefficients,  to  turbulent  ones.  In  air  pollution  problem  the  study  of  the 
diffusing  g«s  within  the  atmospheric  shear  layers  would  have  a  physical  manlng  In 
relation  to  the  pollutant.  Temperature  gradients  and  gravity  affects  have  not  been 
Included. 


2.  THE  PHYSICAL  MODEL 

An  atmospheric  shear  flow  with  adverse  pressure  gradient  occurring  for  example  In 
mountainous  region  Is  shown  in  fig.  I.  A  dividing  streamline  "d"  separates  the  region 
of  the  cl  reacting  flow  from  the  oncoming  one  and  It  reattaches  at  R.  The  zero  velocity 
line  u  ■  0  is  situated  below  the  dividing  streamline  and  separates  the  positive  end 
negative  velocity  regions  within  the  circulating  flew.  Along  this  Itna  the  v  velocity 
component  Is  not  equal  zero,  It  changes  sign  at  the  centre  of  rotation  "0".  If  a 
source  of  diffusing  gas  Is  Introduced  In  the  reverse  flow  below  the  line  u  ■  0,  say  at 
"F",  It  will  cross  the  u  -  0  line  and  retch  the  dividing  streamline;  the  extant  of  Its 
crossing  will  depend  mainly  upon  the  coefficient  of  diffusion  In  the  laminar  casa  and 
upon  the  turbulent  mixing  processes  In  the  turbulent  one. 

When  studying  such  a  field  In  the  Wind  Tunnel  It  Is  difficult  to  determine  experimentally 
the  line  u  -  0,  the  v  velocity  component,  the  centre  of  rotation  "0",  and  alto  the 
position  of  the  dividing  streamline.  All  these  data  are  of  great  Importance  for  a 
physical  des'-'-lptlon  of  the  flow  as  well  as  for  the  theoretical  formulation  of  the  problem. 

As  shorn  be i such  information  can  be  more  readily  obtained  through  complementary 
measurements  of  the  concentration  profiles  of  the  diffusing  gas.  Halogens  ere  suggested 
for  this  purpose.  They  are  easily  detectable  in  minute  quantities  by  coomnrclally 
developed  Instruments  (Halogen  leak  detectors);  their  Interference  with  the  flow  Is 
negligible  and  the  Schmidt  Number  of  some  of  them  Is  almost  unity. 


3.  FUNDAMENTAL  EQUATIONS  AND  SIMILARITY  CONDITIONS 

It  can  be  shown  (see  Ref.  1,  pp.  R43,  A50)  that  for  a  steady  shear  layer  with  a  source' 
generating  a  detector  gas  from  out-slde 


p  It  •  ?  c,  -  -V  •  p  3jc, 

where  C|  end  3.'  ace  the  mass  concentration  end  the  velocity  of  diffusion  of  the  l*th 
component.  With  the  usual  assumptions,  the  last  aquation  becomas 
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Neglecting  the  term  of  thermal  diffusion  it  can  Ls  also  shown  that 

9  c  *  3  c. 

Vl  “  *°l-2  «"d  c2vj  -  -Dj-i 

where  the  coefficients  Di_2  ■  02.j.  Introducing  the  concentration  par 
equations  (3*3  and  3*2)  become 
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For  moderate  velocities  when  heat  generated  through  di  sslps^en  Is  negligible  th#  momentum 
end  energy  equation*  for  steady  boundary  layer*  or  shear  layers  are 
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(3-7) 


under  similar  Initial  and  boundary  conditions  the  concentration,  velocity  and  temperature 
fields  can  be  similar  provided  that  the  pressure  gradient  Is  absent  and  the  Schmidt  and 
Prandtl  Numbers  S-P-l .  For  turbulent  mixing  layer*  one  might  ac  .pt  a  change  from  D 
to  0.  similar  to  the  change  from  v  to  t,  S  to  S-  and  P  to  P-,  where  the  subscript  T 
refers  to  the  effective  (total)  Prandtl  and  Schmidt  Numbers  (see  Ref.  2,  footnote  p.  II). 
There  is  no  guarantee  however  that  with  such  an  Interpretation  strict  similarity  Is 
achieved, 

6.  RELATIONS  BETWEEN  THE  VELOCITY  AND  CONCENTRATION  FIELDS  IN  SHEAR  LAYERS 

If  e  source  of  a  diffusing  gas  Is  sltuitud  below  the  zero-velocity  line  one  may  write 
analogically  to  heat  flux  aquation  in  them,*!  layers 


37  J  OoS  (/‘  +  v)o 

(6-1) 

Putting 

C/Co  -  1  -  T,  dy  ■  dnc«c. 

(6-2) 

equations 

(6-1)  and  (3-6)  become 

t.  r‘*--  (,-Dd, 

«  c  J  *0  ul  c  ul 

(6-3) 

Introducing  th*  concentration  thickness  6*  defined  as 
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«*  -  ( H_  (i-r)  dn. 
c  po  ul  c 

(6-6) 

It  follows  from  (6-2,  6-3,  6-6)  that  the  vertical  velocity  component  is 


When  it-  'O  at  points  0  and  R 
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As  mentioned  above  there  are  considerable  experimental  difficulties  In  the  measurement 
of  the  v  component.  Expression  (6-5)  could  be  used  for  this  purpose  a*  It  contains  an 
Integral  paraamtar  6*  less  liable  to  experimental  error  and  tha  gradient  r  wh I ch  does  not 
require  the  Inutrsioff  of  the  pitot  tube  across  u  •  0  line  as  In  casa  of  velocity  measurements . 
The  most  difficult  of  all  Is  the  measurement  of  tha  curvature  expressed  by  (32u/3y2)  .  All 
this  data  along  the  u  »  0  line  Is  Important  In  the  theoretical  formulation  of  the  problem. 
Using  two  bars  for  th*  non-dimxnslonal  velocity  component  u  and  combining  (6-5)  with  (3*6) 
and  (3-5),  with  p  and  Dp  constant  across  u  ■  0  Una  tha  curvature  becomas 
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for  th*  velocity  end  r**  ocncentretlons  profiles  respectively, 
pressure  gradient;  th*  ratio  of  th*  two  curvatures  I* 


In  the  absence  of  the 
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One  observes  thet  no  second  derivatives  are  present  In  (4-7)  and  (4-9)  and  both  contain 
quantities  vuh I ch  should  not  be  hard  to  measure.  The  gradient  of  u  across  u  ■  0  Mould 
present  the  greatest  difficulty  which  might  be  avoided  using  v.  Kerman's  Integral 
equation  In  the  form 
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The  curvature  of  the  .c'oclty  profile  at  u  »  0  depends  In  eneral  upon  the  pressure 
gradient  and  the  v  component  of  velocity.  At  points  0  and  R  (see  fig.  la)  where  u  -v«N) 
only  the  pressure  gradient  determines  the  sign  of  the  curvature.  Upstream  of  0  a  positive 
v  component  contributes  to  a  positive  curvature  and  downstream  of  0  the  positive  pressure 
gradient  Is  dominant  and  an  inflection  point  is  always  present  within  the  profile.  The 
same  conclusion  does  not  apply  to  the  curvature  of  the  concentration  profile.  As  seen 
from  (4-8)  the  curvature  follows  the  sign  of  the  component  v  only  end  changes  from  positive 
to  negetlve  when  crossing  the  point  0  elong  u  -  0  from  left  to  right  (fig.  lb).  This 
■mens  thet  to  the  right  of  0  the  concentret Ion  profile  must  be  e  "full"  one  and  does  not 
contain  an  Inflection  point  while  to  the  left  of  point  0  the  profile  Is  not  "full"  and 
contains  It.  As  the  difference  between  the  two  gradients  date-mines  the  velocity 
component  v  (eq.  4-5)  and  from  the  previous  discussion  the  transversal  gradient  of  r 
should  Increase  when  moving  downstream  one  expects  their  mutual  relation  to  be  somewhat 
like  in  (fig.  Ic).  (not  to  scale)  The  strong  negative  v  component  before  reattachment 
might  reduce  6  to  give  a  negative  slope  of  6 *  against  X.  At  reattachment  and  at  the 
centre  0  both  £ust  be  equal.  ' 


5.  THE  MEAN  VELOCITY  OF  DIFFUSION  AND  THE  0IVI0INB  STREAMLINE 

As  mentioned  In  section  2  •  pitot  tube  connected  to  a  detecting  apparatus  end  Introduced 
from  outside  Into  the  sheer  layer  will  not  show  exactly  the  position  of  the  dividing 
streamline  when  the  first  traces  wf  the  detector  gas  are  recorded.  The  penetration 
of  the  gat  across  the  dividing  streamline  cm  be  estimated  by  means  of  the  mean  velocity 
of  diffusion  which  If  assessed  allows  for  correction  needed  to  determine  more  precisely  the 
posl  Ion  of  this  line.  It  follows  from  (J-4)  thet  the  mean  vs  loci ty  of  diffusion 

■  f  /'•  2b  <bf» 

c  o  c 

depends  partially  upon  the  variation  of  0  across  the  layer  and  partially  upon  the  concen¬ 
tration  profile  T.  For  turbulent  sheer  layers  0  would  change  to  0-  and  also  change  the 
order  of  magnitude.  Before  more  experimental  date  Is  available  one  may  discuss  the  laminar 
case  when  0  is  constant  and  can  be  estimated  (Ref  3,  p£39  )■  The  concentration  profile!) 
end  their  slopes  can  be  dotermlned  experimentally  (see  sec.  6)  hence  (5*1)  allows  the 
estimation  of  the  mean  velocity  of  diffusion  and  the  position  of  the  dividing  streamline. 
Some  preliminary  discussion  of  T(nc)  is  useful  before  more  experimental  work  Is  laider  taken 
It  allows  an  estimate  of  the  order^of  magnitude  of  v1  and  throws  more  light  on  the 
diffusion  processes. 


IM 


Equation  (3*3)  Indicates  that  an  exponential  da  cay  of  concentration  across  the  shear 
layer,  tdilch  Is  acceptable  from  physical  considerations,  would  signify  a  constant  velocity 
of  diffusion  across  It.  One  may  however  assume  this  I)  a  particular  case  of  a  mere 
general  one  which  could  be  encountered  within  the  variety  of  concentration  profiles 
discussed  In  the  previous  section.  Lets  assume  D»  constant  across  the  layer  and  the 
remaining  Integrand  of  (5*1)  tome  function  of  n  containing  two  parameters  In  such  a  way 
that  when  one  Is  equal  zero  the  Integrand  Is  constant  and  so  Is  the  velocity  of  diffusion. 
The  suggested  function  could  be  for  example 

Q(nc)  -  Q  -  a  exp@nc  (exponential);  d  -  a(l+Bnc)  (linear);  Q  “  «(!♦ 

♦  Bsln  *nc)  (sine) 

etc.  The  measure  of  success  of  this  approach  can  be  only  assessed  tdten  comparing  the 
results  with  exact  solutions  based  on  similarity.  Without  dealing  at  this  stage  with 
any  particular  function  some  general  conclusions  can  be  drawn.  Taking 

ft(”c)  ”  Q  ‘  TT  (5-2) 


and  separating  the  variables 

In  (1-r)  -  Inc  «  dnc  (5*3) 

with  Initial  and  boundary  conditions  nc  •  0.  r  -  0 

n  •  1,  r  •  l-t  where  c  Is  an  arbitrary  small  value 
also  expressed  as  l/N  with  N  being  an  arbitrary  big  nuefcer  depending  on  the  definition 
of  the  Halts  of  the  concentration  profile.  Calling  I  and  I.  the  R.H.S.  of  (5-3)  for 
n  ■  0  and  n  •  I  respectively,  It  follows  that  the  Integration  constant  C  Is  defined 
either  as  InC  •  I.  ♦  Inc  or  InC  ■  I  ,  therefore 

I  0 

1 1  -  I  »  •  Ins  “  Ink  (5-4) 

This  equation  relates  the  two  parameters  a  end  8  of  the  arbitrary  function  Q.  It  follows 
from  (5~3)  and  the  second  definition  of  the  Integration  constant  that 

r  -  I  -  (exp  I  )  (-exp  I  )  (5-5) 
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where  I  Is 
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et  eny  value  of  0<nc<l  end 
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therefore  along  the  u  -  0  line 
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end  Is  determined  by  one  pereeater  only  (a  or  0)  once  the  outer  Melts  of  the  concentration 
profile  have  been  chosen  by  taking  an  appropriate  N. 

The  point  of  Inflection  of  the  profile  1s  given  by 
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and  from  physical  oons I de ret  I ons  the 


only  condition  Is 
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If  no  pressure  gradient  were  present  at  the  point  0  (saa  fig.  la),  tha  concentration 
profile  there  should  ba  Identical  with  tha  flat  plate  velocity  profile  provided  the 
similarity  conditions  discussed  In  section  3  were  Maintained.  Such  a  profll*  would 
have  an  Inflection  point  at  thw  origin.  The  choice  of  the  arbitrary  function  $ 
could  be  checked  at  that  particular  point. 

As  a  Matter  of  Illustration  let  assure  tha  exponential  law  of  velocity  of  diffusion 
l.a.,  Q  •  a  exp  8nc-  It  follows  fiw  (5*4)  that 
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8  in  H 
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and  froa  (5*5)  the  Inflection  point  Is  sltuaCed  at 
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If  at  origin  the  parameter  8  -  ln(ln  N  ♦  I)  ■  a;froa  (5*7) 
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finally  the  concentration  profile  obtained  f roe  (5*5)  is 
r  -  1-exp  (l-exp8ne)j 

Similar  procedure  can  ba  adopted  for  tha  linear  and  tha  sine  lire  of  velocity  of  diffusion. 
Fig.  2  shows  three  profiles  with  the  Inflection  point  et  the  origin  corresponding  to 
the  three  laws  respectively.  The  arbitrary  Halt  Is  data  rained  by  N-100  for  all  the  three 
cases  l.a.,  r  -  0.99  when  n  -  I.  Statius  profile  Is  also  Included  and  Is  practically 
Indistinguishable  froa  tha  exponential  case*.  One  Is  tested  to  state  that  an  exponential 
law  of  velocity  of  diffusion  In  tha  fora  a  -  aaxpdn  Is  associated  with  a  concentration 
profile  which  coincides  with  a  velocity  profile  whefl  no  pressure  gradient  Is  present, 
tlallerlty  conditions  being  aelntalned.  In  fig.  3  acre  profiles  are  shown  for  various 
values  of  the  paraaeters  a  and  6  assualng  tha  exponential  law,  and  N-50  signifying  the 
outer  Halt  of  nc  -  0.98. 

Using  (5*1)  the  aaen  velocity  of  diffusion  Irrespective  of  a  end  8  Is 


(5*10) 


This  epproxleetc  expression  (elso  valid  for  tha  linear  and  sine  law)  My  be  useful  for  a 
eore  precise  detarainetlon  of  the  dividing  st  reset  Ine.  if  the  Halts  of  the  concent  ration 
profile  are  arbitrarily  extended  (high  value  of  N)  10  will  be  4  ,  hence  the  arbitrariness  of 
N  It  only  apparent.  c 

The  reel  effects,  turbulence  etc.  will  effect  the  concentration  profile  of  e  pollutant 
or  detector  gee.  It  seeas  useful  therefore  to  discuss  the  reaelnlng  originally  suggested 
linear  and  sine  let  velocities  of  diffusion  besidss  tha  exponential  one.  If  encountered 
In  reality  or  In  wlad'tuvnel  limitation  such  a  discussion  eight  ba  of  Interest. 

Table  I  at  the  and  of  tha  text  gives  essential  details  of  all  tha  t*  rea  profiles. 

Typical  exponential  law  profiiet  are  shown  In  fig.  J,  latter  t  Indicates  the  position 
of  tha  Infection  point  (M50) . 


6.  CCTAILS  OF  FMUMIHAKY  TtSTS 

Arel lelnsry  Qualitative  wind  tunnel  tew.;,  w.tv  aede  with  the  abject  of  tracing  tha 
dividing  streamline  In  a  shear  layer.  Diluted  F , con  12  was  used  as  recoaaandad  by  the 


*  The  tf  at » verve  gradient  et  the  we  I  U  about  3. St  gnc  ter  that  lleslus*  profile. 


makers  of  ths  leak  detector*.  This  type  of  detector  works  on  th«  principle  of  «n  Increased 
ion  emission  when  the  working  gas  (Freon  12.)  contaminates  the  air  surrounding  an  incan¬ 
descent  platinum  cathode.  The  emission  current  Is  amplified  and  shown  on  an  ammeter.  The 
stokers  claim  that  partial  pressures  of  an  order  of  IQ~S  mm  Hg  of  Freon  In  air  can  t>e 
detected.  The  advantage  of  such  a  hls*i  sensitivity  Is  an  almost  nil  Interference  with 
the  flow  and  e  lew  degree  of  contam,  -at.  •»  f  a  closed  circuit  wind  tunnel  even  after 
prolonged  working.  It  also  might  be  pv,.;!ble  to  extend  such  tests  to  1  atmospheric 
conditions.  Halogens  ere  particularly  suited  for  this  work  not  only  because  of  facility 
of  datactlon  but  also  becausa  of  their  Schmidt  Number  (In  air)  which  Is  almost 
I nda pendant  of  temperature  and  pressure  and  can  be  close  to  unity.  This  is  important 
from  similarity  considerations.  The  following  table  gives  the  mean  values  for  various 
cases 


— 

Halogen 

Freon  II  (C  C^jF) 

Freon  12  (C  C/2F2) 

CC|2F-CCiF2 

Schmidt  Ntmfcer 

1.7 

1.65 

1.2 

Halogen 

Freon  21  (CHCJ2F) 

Schmidt  Number 

0.9 

Details  of  the  Installation  are  given  in  fig.  H.  A  pitot  tube  Is  connected  either 
to  e  ml  c  romances  ter  for  velocity  profile  measurements  or  to  the  leak  detector  for  the 
freon  study.  The  frmon  sensor  Is  also  connected  to  e  vacuum  puaq>.  this  ensures  a  constant 
flew  through  the  system  at  each  position  of  the  pitot. 

OUutmd  (15)  by  voltmm)  Freon  12  was  stored  In  a  large,  open  to  the  atmosphere  vessel 
and  fed  Into  a  separation  bubble  by  means  of  a  precision  needle  valve.  The  sheer  layer 
was  produced  by  a  step,  It  wee  laminar  but  transition  occured  close  to  raattechment.  To 
ensure  e  visual  observation  of  the  minute  quantities  of  Induced  gas  It  was  passed  through 
detergent  showing  bt*blas.  Onca  equilibrium  was  established  and  the  zero  of  the  leak 
detector  recorded,  the  pitot  cube  was  lowered  from  the  external  flow  into  the  shear  layer. 
Mltreammatar  readings  ware  taken  at  every  station  of  the  pitot  ti*e.  Upon  reaching  the 
first  traoas  of  Freon  the  leak  detector  showed  a  steady  Increase  as  the  tube  further  lowered. 
On  returning  It  decreased  to  zero  again  which  showed  a  -rood  capacity  for  making  quantlteti  ■* 
measurements  of  the  cancan  t  rat  I  on  profile.  Tho  tests  were  to  far  qualitative,  with  the 
Object  to  assoss  tho  position  of  tho  dividing  streamline.  Will  studied  model  was  ahosen  In 
which  this  position  was  obtained  through  tedious  measurements  of  the  inverted  flow  and 
Its  Intagratlon.  Three  readings  were  considered:  the  first  movement  of  the  alcroeamter, 
e  more  pronouiced  one  and  e  definite  steady  discernible  mover  ~i  of  the  Indicator  all 
three  corresponding  to  a  steadily  Increasing  penetration  of  the  pitot  within  the  shear 
layer.  The  results  are  shorn)  In  figs.  5a  end  5b.  The  velocity  profile  Is  given  with  the 
position  of  the  dividing  streamline  obtained  through  flow  Integration.  Positions  a,b,  end 
C  correspond  to  the  throe  detection  stages  of  the  Indicator.  In  fig.  5e,  the  coincidence 
It  very  good,  the  sheer  layer  was  laminar  mid  the  distance  behind  the  steps  edge  was  75 
aoemnttee  thicknesses.  Fig.  5b  corresponds  to  the  seem  sheer  layer  close  to  roattechamrt  after 
transition  has  occured.  One  observes  a  strong  penetration  of  the  Freon  Into  the  outer  part 
of  the  layer  c*  expected,  the  dividing  streamline  being  well  below.  Here  distance  corresponds 
to  JtO  momentum  thicknesses  behind  the  step. 

These  results  Indicate  that  the  amthod  Is  promising  and  needs  more  experimental  data, 
particularly  In  the  turbulent  sheer  layers. 

h>  fa  renots 

Thr  >ry  of  lamina  Flows,  Oxford  University 

Press,  196k. 

Turbulent  boundary  layers  In  Compressible 
Cases,  Edward  Arnold  Put'lshers  Ltd.,  I5fk 

molecular  Theory  of  Cases  and  Liquids 
Wiley  t  Sons,  N.  fork,  155k 


I,  fCore,  F. 


2.  Kuteteledze,  S.S. 
Leont'ev,  A. « . 

J.  HInchfelder,  J. 
Curtiss,  C. 


*  Halogen  lecksucher  Hi-1.  Catalogue  1F-I7  end  IF-19,  Cellars,  LI  eh  tens  te..-..  Also  Caneral 
Electric  Catalogue  CCA  6*17 


! 


Fig. 


a.b.c. 


The  physical  model  ai  1  the  probable  distribution  of 

C>0  8ndi  {6V  (not  t0  4C,I#)- 

3r)  C 


oW!nd_Dlr*cfk» 

MT7 


i®; 

•i _ i 


I  -  Mlcromonomaier 

2 - Freon  3*naor 

3- Ltok  datactor  omplltlw 
4  -  Voltage  stobllltsr 

5- 011  trap  a  ecrbonflltar 

6 - Vacuum  pump 

7-  Took  with  diluted  Freon 

8  -  Detsrgent  bubble  Indicator 

9 - Precision  needle  uolve 

10- Ff«an  peurct  In  Wind  Tunnel 

11 - Working  lection 

12- Mlx»r 

13- Pltot  tub* 


!o  o 

o03 0 

0  0  3 


Fig.  It.  The  experimental  layout 
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Fig.  5.  The  dividing  streamline  end  leek  detector's  ammeter 
reeding*  within  a  Freon  contaminated  shear  layer. 
Distance  behind  the  step  e)  x  -  75«>b ,  o)  x  -  5&08b. 
(T  rans  1 1 1  on  ups  t  ream) 
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23»  teste  parables  la  analysing  to*  wind  profile  and  shearing  etrea#  profile  in  the 
ataoejfaerte  hoondaxy  layer  la  tfc*  insufficient  stnstdly-bassd  equations  axe  available.  This 
yapar  sw/i«w*  m  of  ths  netted#  that  have  teen  adopted  to  olooo  the  solution,  with  particular 
xefcroaaoe  te  neutral  stability  conditions.  A  nethod,  stellar  to  on*  of  those  reviewed,  is 
temontlqnted  te  am  detail.  It  1a  essentially  an  extension  of  eon  Karma's  dim, 
relatiennhip  teteesn  the  liffhsivity  K  and  the  wind  profile  applicable  to  the  surface  layers, 
extended  to  apply  throng  at  ths  whole  boundary  layer  by  taking  into  account  the  turning  of  the 
siffift.  Solutions  vfeteh  teas  a  seasonable  stellarity  with  eupirieally  dote  rained  profile*  oan 
te  obtained  If  vwb  Kama's  ooostant  is  mltiplied  by  a  factor  which  is  equivalent  to  reducing 
it  by  Just  over  lOjt,  9>is  charge  is  te  the  right  sene*  to  oarxeot  for  blase e  introduced  In 
the  derivative#  by  ths  finite  difference  eohem. 


<5-1 


1 .  The  significance  of  tbs  ataospherio  boundary  layer  to  many  aeteorologioal  processes  ^  to 
other  of  BGn's  interests  i  building  structures,  aircraft,  the  dispersal  of  pollutants  sad  so 
co,  hardly  needs  to  he  eaphMiisod. 

Unfortunately  the  oaaaldsrable  range  of  faotors  that  are  of  importance  is  se  great  that 
the  structure  of  tbs  boundary  layer,  and  particularly  tte  variation  of  vied  vith  height,  mb 
ha  extremely  irregular  and  ooapiax. 

Ibese  factors  include  the  varying  nature  of  ths  Oder lying  surface  and  the  distribution 
of  thermal  stability  within,  the  layer. 

It  say- he  that  we  can  never  hops  to  specify  in  every  detail  the  character  of  the  boundary 
layer  in  these  complicated  circumstances,  hut  at  least  a  greater  understanding  than  is  available 
at  present  aust  he  our  continuing  ai*. 

She  first  step  is  clearly  to  try  to  understand  and  predict  the  variation  of  wind  velocity 
and  shearing  stress  vith  height  in  herison tally  uniform  conditions,  wbeu  the  3* oe trophic  wind 
is  constant  with  height  and  when  the  stability  la  either  neutral  or  simply  specified  by  earns 
kind  of  buoyancy  parsaater  (e.g.  the  heat  flux  or  the  Mcedn-Obukhov  length  L).  Shis  is  no  new 
problem,  of  course,  and  solutions  involving  assumptions  of  ons  kind  or  aaov  ir  have  been 
available  from  the  tire  of  Rkrnan  onwards, 

Hw  surface  layer  In  which  by  definition  the  turning  of  the  wind  (and  hence  tits  Coriolis 
foroe)  nay  be  ignored,  and  the  vertical  fluxes  axe  virtually  constant  vith  height,  has  received 
moat  attention.  Much  effort  has  gone  into  both  experimental  and  theoretical  studies  to 
determine  the  relation  between  the  fluxes  and  the  respective  vertical  gradients.  Hsirly 
definite  values  of  <pt(*/L)  in  the  rt latioms 

Fs  *  r>  h/uv  <” 

have  been  given  by,  amongst  others,  Dyer  (1968),  in  both  neutral  (  <f,  ■  1)  and  unstably 
stratified  conditions,  for  heat,  water  vapour  and  momentum  (although  there  remain  some  doubts 
about  the  latter  due  to  uncertainties  in  the  u#  measurements ) . 

Above  the  surface  boundary  layer  is  the  Boson  layer  where  the  wind  gradually  turns  from 
its  surface  direction  to  the  direction  of  the  frlotiomless  wind  (sometimes  the  geo* trophic 
wind)  whloh  exists  outside  tbs  boundary  layer.  It  is  in  this  region  that  most  research  is  now 
centred.  Iferhaps  the  most  lmediately  relevant  Information  eon  be  obtained  fairly  simply, 
namely  how  the  shearing  stress  at  the  surface  is  related  to  the  geostrophio  wind  and  tbs  surface 
•oughness .  The  form  of  ths  relation  is  obtained  by  a  dimensional  analysis  of  the  <  eternal  and 

external  parameters  that  define  the  boundary  layer  structure  except  that  certain  universal 
'constants •  dependent  only  on  stability  have  to  be  determined  empirical’  -.  Hie  external 
parameters  are  f,  the  Coriolis  parameter;  S,  the  geostrophio  or  friotionisss  wind;  *o,  ths 
roughness  parameter 5  ,  the  potential  temperature  difference  through  the  boundary  layer, 

rand  similar  parameters  for  water  vapour.  Hie  internal  parameters  are  n#,  the  surface  fr' 'tion 
velocity;  at,  the  angle  between  the  ourfaoe  wind  and  the  isobars;  H,  ths  heat  flux;  fa,  the 
height  of  the  boundary  layer  defined  in  some  sense  or  other;  1,  ths  Monin~0takhov  length;  end 
T.  defined  by  u#T#  o  vii'ff  .  Hot  all  these  parameters  are  independent  of  each  other  and 
it  can  be  assumed  oa  dimensional  grounds  that 


Following  KLaokndar  (1967),  we  may  expand  this  latter  equation  with  respeot  to  the  very 
small  surface  Hoesby  number  f t./u,  ,  the  expansion  being  valid  for  a  not  too  large,  and 

the  complementary  equation  for  (<J  -  U  )/U*  also  in  terms  of  powers  of  (1 2,  /  U#),  valid 
provided  *  it  not  too  small.  It  is  argusd  that  the  two  regions  of  validity  overlap  because 
the  Roseby  number  is  sufficiently  small ,  and  in  this  overlap  region,  retaining  only  ths 
dominant  terms  in  each  expansion,  the  u-profiles  must  be  identical. 

Universal  identity  ie  achieved  provided 

-  A(*)] 


(4) 
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Sl  ■>  Bff?*  <5) 

ttae#  relatists*  are  raoa anally  veil  supported  by  erpsriswatal  data  la  aaufcral  stability 
oasditionn.  ft*»  1  stum  1^,/G  plot?**?  igainst  1^^/f  x,}  s»d  a  iiu  of  \wei--flt 

eat' actively  -inwm  threap  the  aoatter  of  points »  The  data  sob*  fx«*  Haokadar  (1965!), 

figure  2  Elves  aia  «t  a  fraction  of  M^/Q  ,  T*mo«  points  eons  fr«»  Koala  and 

Silltinkeviok  (1957). 

Boat  fit  lines  drawn  on  these  figures  tew  this  uaod  to  obtain  the  points  in  figures  3  and 

4  la  order  to  tost  equation*  (4)  and  (5).  tad  It  can  b*  assn  that  if  4/k  »  3  and  tyi  »  8.73 

than  raaa>.«3*Ue  ocnaletaney  is  achieved.  Figure  4  suggests  that  (G/u#)«int%  as y  vary  slowly 
with  («,/(J  '  tat  this  la  not  very  significant  ever  tha  range  from  (  u,/<*  )  »  0.02, 

appropriate  to  iee  on  and  flats,  to  (u„/G)  »  0.05,  for  rough  terrain. 

Xt  Is  only  flair  to  say  that  otbars  who  hays  examined  this  kind  of  data  hays  given  values  of 
A  ranging  fro*  1.2  to  4  and  of  B  fro*  2  to  8  and  thaaa  diaorepaaoias  way  have  arisen  tanoaaaa,  as 
Konln  and  liilitii&vvlsh  (1967)  hart  shown,  lull  waxy  quits  rapidly  with  etabil.lv*  However, 
since  A  appears  to  ho  only  about  1 0jt  of  la  ( %/ it,)  tbasa  ur^rtalntlas  any  not  ha  too  serious. 

Xte  noa-nnutral  oond,  loos  nara  data  ara  required  to  clarify  tbs  relation  between  tha 
tenpexeture  aoala  T#  and  the  average  lapse  rata  In  tha  boundary,  so  that  such  sarpirloal  and 
tbecretloal  xalationa  which  ara  available  for  tha  hast  Input  aay  ba  objectively  amilnod, 

8a,  at  tha  aurfhoe  wo  oan  aato  fairly  xaaaonabls  predictions  of  tha  friction  velocity  a, 
la  s  lapis,  psrhaps  rather  idealistic,  oirouastanoee.  An  understanding  of  shat  is  going  on  Iu 

tha  mtancu.  of  the  layar  l  i  harder  to  obtain.  Stare  la  tha  experimental  probla*  of  obtaining 

ideal  panties  due  to  upstream  affects.  Than  thars  is  tha  tneemtioal  problan  that  inmffioiant 
soundly-baaed  equations  exist  to  ocapleto  tha  sat  -mired  for  solution.  Bran  in  stationary, 
teorlmontally  homogeneous,  neutral  oonditiens  there  are  as  sent  tally  five  independent  uskoowue, 
the  tw.  eonponanta  of  rslooity,  tha  two  oonponanta  of  shear!  stress  and  a  parameter  dovoribina 
the  twrbulenoe  (which  night  ba  the  lsngtb-eoale  1 ,  or  the  diffuaivlty  K  or  sate  other  parameter). 
To  solve  this  sat  firs  independent  equations  are  needed.  Tha  two  nowsatu*  aquations  are 
available,  and  linear  in  the  ideal  conditions  and  there  ara  two  flux-gradient  relationship  of 
typo  (1 )  which  are  generally  oansldarad  aooaptabla  in  spit*  of  certain  ttaeoretloul  objections. 

Ihrioua  ohoioaa  oxiat  for  tha  final  fifth  aquation.  All  thaaa  ara  enpirioal  or  seal-  • 
onplrloal  in  nature.  Tha  first  method  starts  from  tha  basic  equations  of  aotloq,  The 
friadntaan-Eallwr  squat  ions  which  erprsss  the  tine  rates  of  ohangw  <  t  t?1  ,  v*1 ,  Vs ,  o'?,  eta, 
an  derived  free  thaaa  basic  equations  0  Siaplifloetion  la  than  na>4e  in  a  variety  of  ways  until 
the  number  of  unknowns  equals  tha  somber  of  oquations  so  that  a  eolation  is,  in  theory  at  least, 
possible.  Thaaa  simplifications,  although  often  fairly  drastic,  aro  not  without  sens  Jus till* 
cation)  for  example  terse  Involving  tha  oarlolis  paraneter  f  are  uglectea  on  tie  grounds  that 
f  effects  the  seen  wind  profile  a oat  directly  and  only  Implicitly  tha  turbulent  fluctuation 
terns. 

Sewn  after  all  these  simplifications ,  a  solution  la  vary  difficult  to  obtain  end  although 
tha  method  is  not  without  its  Interest  and  rewards,  for  most  purposes  it  aeans  auch  too 
omabarwona  far  genei  1  use.  Hoot  of  this  work  has  been  carried  out  tar  Konla  and  is  described 
in  a  aariaa  of  papers  (1963  (a),  (b),  and  (o)). 

A  rather  aare  prmotioel  method  involves  the  use  of  *he  seal -enpirioal  energy  squat lent 

".m+ffl]  -\f  g  +£K£ J  -e  « 

where  0  »  potential  tanpaxaturs,  b  -  turbulent  energy,  fc  “  energy  dissipation  and  X^  ,  I„ 
and  are  the  diffusivltiwa  for  nanantua,  heat  and  energy  respectively.  Tbs  first  tarn 

represents  tha  production  of  turbulent  energy  by  wind  shear,  tha  seoond  tha  -.ode  done  against 
buoyancy  f arose  and  the  third  the  effect  of  diffusion  of  energy  from  other  heights.  Together 
with  the  energy  equation  of  a  series  of  Aiineusion&l  relationships  are  involved,  based  on  the 
so-called  hypothesis  of  approximate  similarity* 

Km  -  /b  1,  X„  -  s^X,,  ,  -  a^X^  and  t  -  ab**  /l  (7) 

where  at  ,  ak  and  a  are  taken  as  universal  oonatanta.  As  oan  ba  seen,  an  extra  parson  ter 
is  added  here,  namely  the  turbulent  length- scale  1.  So  in  neutral  oondltlone,  when  the 
buoyancy  tarn  is  aero,  aquation  (6)  end  (7)  represent  three  new  equations  with  the  addition  of 
three  new  variables  b,  t  and  1  (aa  satiny  a  and  a,  axe  known),  and  he  refers  *e  ara  still 
in  tbo  situation  of  haring  ana  sore  variable  then  equation. 


19-* 


(to#  (spj>*x«ntly  satisfactory  solution  to  the  problsm  is  to  relate  tbo  turbulent  uuesgy  b 
to  tiM  local  motion  velocity  [  ??  *  /  ff  .  This  aesuaptian  h as  boon  made  'Ey, 

amongst  othaxe,  S.  Peterwon  (1969)  i»  *  rather  different  context,  with  results  that  appear 
quite  satisfactory. 

Alternative. .  one  may  specify  in  cone  way  or  other  the  variation  of  the  length-sqa?.*  1 
with  height.  %e  simplest  of  these  is  to  owe  a  purely  empirical  relationship  1  ■  l(»). 
Another  way  is  to  assume  that  1(e)  i«  itself  dsterminsd  by,  or  reflects,  the  vertioal 
variation  of  wind  shear  or  • nervy  dissipation.  Vs  nay  visualise  this  in  the  following  way. 

TL*  instability  of  the  vertioal  wind  shear  gives  rise  to  a  certain  field  of  turbulence. 

This  process  is,  in  part,  represented  in  matheaatioal  fora  by  the  f]  ix-grsdiest  relationships, 
but  we  can  go  further.  ihe  .was'  r  of  momentum  which  results  due  to  the  axis te no#  of  the 
turbulence  sets  out  to  aodif.  the  wind  profile  until  soee  sort  of  equilibrium  is  established 
between  the  turbulent  length-scale  and  the  local  curvature  of  the  wind  profile.  In  non-neutral 
conditions  buoyancy  forces  alia  os  t  certainly  complicate  t-  e  picture  further,  but  in  neutral 
conditions  the  arguasnt  recalls  Karmen's  relation  applicable  to  the  surface  layers 


jut  in  the  present  study  1  oen  be  sue1  acre  general  than  this.  This  of  course  raises 
questioner  of  uniqueness  and  these  rea».'n  to  be  answered,  but  since  (S)  satisfies  the  well-known 

relation  a  in  the  oi  *st _ t-flux  surface  layer  any  wore  general  formula  has  to  conform  to  (8) 

at  sa.j.  s. 

a*»  most  common  way  of  generalising  (8)  is  to  wits 

i  =  -  t 

dz 

where  ^  may  be  the  -  ind  shear  [  +  {  iji  )k  J  or 

or  all  of  tie  terms  on  the  lefthand  aide  of  equation  (6). 

a  series  of  peters  investigating  the  solution  of  this  set  of  equations  with  varying  degrees 
of  complexity  and  applicable  to  neutral  and  non-neutral  stability  conditions  have  appeared, 
starting  with  Kanin  (1950)  and  carrying  on  ~ith  Busin  (1975),  Zilitinkevich  and  laiktman  (1965), 
Bobyleva,  Ziritinkmvicb  and  lalkteem  ( 1 9t v ) -  cannot  go  into  details  here,  but  tho  general 

oanoluaion  appears  to  be  that  the  solutions  fit  the  dais,  reasonably  well  in  the  lower  parte  of 
the  layer,  exoept  that  u#  fcauds  to  U  overestimated  in  some  oases,  but  that  the  predicted  depth 
of  the  boundary  layer  is  much  too  big.  Bor  example  in  the  last  paper  Xn  increases  up  to  a 
maxi- tan  at  around  3  km  in  the  neutral  ase ,  about  ten  times  the  expected  height. 

Ctoe  may  speculate  about  the  rewons  for  this,  and  wiieu  the  work  described  tn  the  next 
section  was  begun  It  was  thou*,  t  possible  that  the  precise  form  of  (9)  may  be  the  cause.  If 
\Jf  la  In  fact  the  wind  shear,  l.e.  tbs  scalar  modulus  of  the  wind  shear,  then  it  seems  rather 
questionable  to  place  in  the  denominator  the  derivative  of  the  scalar  modulus  rather  than  the 
modulus  of  the  derivative  of  tha  shear  vector.  The  latter  certainly  avoids  one  practical 
potential  pitfall,  namely  that  (d'f/dt.  )  way  become  aero  at  some  height,  and  it  also  seer, 
phynioally  more  reasonable. 

In  the  neutral  case,  at  least,  tbs  set  of  equations  we  need  to  work  with  ay  be  reduced 
with  consequent  simplification  of  the  problem.  It  is  sufflclant  to  retain  the  two  equation# 
of  momentum,  the  two  flux-gradient  equations  and  equation  (<*1  .bore  or  Its  equivalent. 

Historic*,  ily  this  was  the  first  eat  end  problem  to  be  irtvs-  _ig»ted  with  the  exception  of  the 
aimple  oase  when  eithe.  l(s)  or  K(«)  was  speoifled, 

la  we  have  aeon  the  results  sere  not  too  premising.  Beoause  of  this  and  because  of  the 
need  to  include  the  effects  of  buoyancy  in  a  more  direct  esq  ,  the  more  complicated  systems  we 
nave  discussed  above  were  investigated. 

However  ilnce  equation  (9)  may  cot  be  the  optimum  generalisation  of  (8)  and  In  view  of  the 
comparative  simplicity  of  the  method,  it  was  felt  desirable  to  study  the  system  vet  again  for 
neutral  oon’itions.  Monln  states  ia  one  of  his  papers  that  Busin  (19*>3)  ha#  looksu  at  the 
problem  in  a  my  eh  h  is  similar  to  that  discussed  and  analysed  below,  but  to  the  present 
author's  knowledge  no  results  have  been  jxiblished. 

2 .  A_  Simple  model  of  the  boundary  layer 

The  very  simplest  and  idealistic  conditions  are  assumed,  namely  horisontal  homogeneity  if 
all  variables  except  pressure,  which  is  assumed  to  hare  a  constant  gradient,  and  a  geostrophlc 
wind  which  is  constant  with  height.  Conditions  are  assumed  steady  in  time.  Vertical 
velocities  axe  Ignored. 

Axes  are  chostn  «o  that  the  x-directlan  has  components  of  velocity,  shearing  stress,  frlotion 


(9) 

ac  o’  iained  from  some 


19-4 


velocity,  and  geootrophic  velocity  equal  to  u,  t,  ,  u,  and  Q  respectively,  whereae  in 
the  jr -direction  the  respective  components  are  v,  t}  ,  v,  and  0. 

The  eddy  diffuaivity  K  ie  assumed  identical  in  the  x  and  y  directions  anu  has  no  off 

diagonal  components  K  . 

"J 

The  momenta*  equations  are 

HfO  ,  ffv  =-£(,-<) 


and  the  flux  gradient  relations* 


x  .  r;  .  fK  g 

♦ 

b  -  -  fK  g 

do 

Defining  T*(x)  m  p(*)  /  fK®) 
formed s 

the  following  non-dimensional  quantities  can  he 
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(10a) 

X  *  s 

iZ 

9 

Y  -  s§£ 

(11a) 

Tbs  final  and  fifth  equation,  which  represents  our  extension  of  equation  (8)  is 

S  -  It1  - 

[(S; 

r  ♦«£>■]* 

(13) 

r  *  m  ] 

The  primes  will  now  be  omitted. 


Due  to  the  pretence  of  r  in  ite  definition  (equation  (12)),  A*  i»  really  proportional 
to  an  Inc rente t  of  preseure.  ft  «  (13)  ie  only  equivalent  to  von  Canaan's  relationship  at 
•■all  •  provided  either  the  variation  of  density  (and  hence  r)  through  the  surface  layer  can 
be  ignored,  or  the  long-wind  profile  in  the  surface  layer  really  should  be  expressed  in  tense 
of  pressure  rather  than  in  terns  of  height.  This  is  probably  not  an  issue  of  much  importance 
and  it  suffices  to  state  that  in  the  surface  layer,  equation  (13)  is  consistent  with 

K  ■»  It  u#  i 

■here  here  u#  is  the  full  friction  velocity,  provided  r  -  1. 

the  major  problem  in  the  solution  of  equations  (10a),  (l"x)  and  (i?)  is  Uu  the  boundary 
conditions,  required  to  define  the  solution,  say  something  about  the  solution's  nature  both  at 
the  ground  and  at  the  top  if  ths  boundary  layer.  Sh"rt  of  finding  an  analytic  solatlec  this 
makms  a  numerical  integration  rather  difficult  to  perform. 

the  boundary  conditions  are  se  folloeei 
At  the  ground  - 

(l)  the  shear  vector  (X,Y)  ie  parallel  to  the  limiting 
direction  of  the  wind  vector  (u,v)  u  i  ->  *Q. 

(il)  u  and  v  are  both  sero  at  acme  i pec  If  led  height  *q. 

At  the  top  of  the  boundary  lsyr-  (ehoee  height  la  sot  a  priori  specified)  - 

(lii)  u  -»  G,  v  ->  0,  X  — >  0,  T  ->  0. 
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Oxt  method  that  ha*  been  aapleysa  is  to  intagzata  up  from  th#  rurfao*  assuming  a  direction  aad 
a  sagnituda  of  ths  eurfao*  shear  790 tor  whioh  hop* fully  are  consistent  with  a  specified’ rough¬ 
ness  s  cod  a  gsoatrophio  wind  S.  Since  the  earlier  estimate*  of  thee*  properties  of  the  shear 
ars  prSbebly  In  error  tha  solution*  do  not  fit  tb*  upptr  boundary  condition*  aad  ao  hart  to  K. 
ssdified  until  a  Bstlafactory  ooavargeno*  taka*  plaoa. 

Moat  of  the  aquation*  are  used  in  thair  integral  fora,  being  in  taraa  of  finite  dlfferenoeai 


y (z  +  Ax  )  «  v(s)  +  [  YU4A*)+  Y(*)]  Az/zs(z  +  £Ax)  (14) 

Y(x+Ax)  *=  Y(z)“Az  +  [  u(x->Ax)  +  u(*)]Az/z  (15) 

X(**Az)  -  X(*)  -  [v(*+Az)  +  v(r)]Az/a  (16) 

Tha  an*  aqua lion  naed  in  differential  fora  iai  ^ 

s(z  +  £Az)  —  [X{z+Az)  +  Xf2)]  Az/2[w(z  +  Az)  -  u(z)]  (17) 


Equation  (13)  uaa*  v  calculated  at  Z- Ax  ,  Z  and  Z  ♦  Ax  ,  u  calculated  at  X  -  Ax 
and  t  ,  together  with  a  value  of  *(a)  extrapolated  fro*  »(*- jdx)  and  loaar  raluaa,  in 
order  to  calculate  u(x-tAx)  .  This  appears  to  be  a  very  good  *ay  of  finding  u (s*Ax) 
even  if  there  are  minor  errors  in  tha  estimate  of  S(a)  .  But  to  be  doubly  aura  whtn 

i*  determined  from  equation  (17),  a  better  interpolated  value  of  t(M)  is  found  and 
the  process  repeated  cyclically  until  convergent  value*  of  f(a)  and  u fa*  Ax)  are 
arrived  at. 

Calculation*  have  been  made  vltn  the  following  Talus* i 

-  -  10  mate',  It  «  0-4  ,  i  -  lo"***"'  ,  Ax  =  5  ».  ,  Zs  —  0  04  k  . 

In  the  very  lowest  layer*  the  wind  profile  ia  assumed  logarithmic  and  ua*  of  this  enables  the 
scheme  Above  to  be  initiated  as  ms  integrate  up  fro*  *  -  0.  Inspection  of  squat  lens  (10)  and 
(11)  gives  a  schematic  idea  of  how  the  solutions  should  appear,  a a  demonstrated  in  figure  5* 

Squat  ion  '13),  .xir  empirical  equation,  thus  only  affects  the  scale  and  the  heights  at  which  the 
variables  -.re  aero  or  have  turning  Talus* , 

The  sfc.  tring  stress  in  tha  y -direction  is  the  first  to  beoca#  negative,  the  u-cae  parent 
then  reaches  an.1  exosede  its  geos  trophic  value.  Above  this,  the  r -component  of  shearing  stress 
X  become*  negative  and  finally  v  should  becose  negative  before  u  returns  to  its  gso# trophic 
value. 

It  is  also  desirable  that  T  ,  the  resultant  of  X  and  T,  should  fall  acootonioally  to  aero, 
♦  t  K  shou^  reach  a  mas  lam  and  then  fall  aocotonically  to  sero  aad  that  the  Implied  length- 
of  tur.  lienee  should  reach  and  maintain  a  constant  value. 

i  none  can  It  ions  are  all  quite  demanding  and  oloecly  determine  the  value*  of  X  and  T  at  tbs 

grot  id. 

3 -  The  results  of  tbs  aodel 

».th  th*  v*lu->*  of  th*  eiv;m*J  paramster*  quoted  above  the  following  conclusion*  may  be 
draa-ii 

(i)  lb#  u  ooopoosnt  of  wind  only  reaches  its  geostrophlo  value  provided  u^/G  is 
greater  than  about  0.043,  Ssplrloal  evidence  suggests  that  with  a  surface 
Roesby  number  given  by 

^gm[QAt .)  *  64 

then  xi^/C  -  0.037,  $in  « ^  -  0.3f,  and  the  wind  first  beocaes  groatrephio 
when  *  ~  500  metres. 

'Ibe  model  there. or*  overestimates  u#  by  at  least  l8jl. 

(il)  Ti-j  coi  rsot  behaviour  of  v  is  even  mors  difficult  to  achieve.  Tbs  minimum  value 

of  v  depends  on  T,  and  if  Y  neither  goes  sufficiently  negative  nor  retains  negative 
lat%  enough  then  v  oanuot  be  brought  down  to  sero  from  its  low- leva!  maximum. 

It  *  found  that  v  goes  negati  *  but  doe#  not  return  to  sero  if  u^/G  1#  0.04  or 
l#»s,  wher-a*  if  u,/C  is  1  1435  then  v  has  a  real  miniaua  which  1*  1*#*  than  sero, 
only  In  th*  limit  as  tin  at,  approaches  sero. 
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Obviously  thl»  implies  that  oteofc.  i  a  auoh  waller  than  the  ec  pirlcelly  data  mined  value, 
and,  aa  a  raault,  tha  height*  of  the  key  point*  (e.g,  where  K  has  its  waxiwua)  are  too  large, 
ainoa  tha  aaala  helgnt  iaaraaaaa  rapidly  with  decreasing  a, 

8t*  problem  appear*  to  be  than  that,  «ith  the  system  defined  preoisaly  aa  at  ,  u(s) 
fall*  to  achieve  ita  geo* trophic  value  at  the  empirically  data rained  value*  of  u#  and  tin 
One  possible  explanation  any  be  that  ainoa  finite  difference*  are  being  used  to  repreeent  the 
derivative*  in  aquation  (13),  a  algnifioant  error  aay  be  introduced  into  tha  solution*  which 
nay  ba  alniaiaed  by  replacing  van  Kerman's  constant  by  a  eaallar  value  nearer  0.34.  further 
nanerioal  experiment*  are  being  carried  oat  to  arrive  at  an  optima  empirical  modification 
of  tha  modified  k  and  to  see  ebathar  this  modification  i*  o  am  la  tent  with  the  expected  error 
introduced  by  the  finite  difference  aoheae. 

8m  enlatlon  for  a^/C  -  0.04,  ■  -  0.04  a,  k  **  0.34,  *i«e.  -  0.3  miy  ba  daaoribad  in 

taraa  of  tha  key  points  in  figure  5. 

(I)  As  the  height  where  T  (and  henoe  )  ia  f lrat  aero  1*  at  about  200  metre a. 

(II)  the  dlffuslviiy  a  (and  henoe  l)  has  ita  aaxlaua  at  450  metre*. 

(ill)  Bi  u(s)  equals  tha  geoetrophio  wind  and  T  has  its  aaxlaaaa  at  cbout  600  aatrea. 

(iv)  Ci  X  (sad  henoe  T*  )  i*  aero  and  u(l)  has  ita  eaxiaua  at  about  300  aetre*. 

(v)  Ss  tin)  bee  cnee  sere  and  X  ha*  ita  alnlswn  value  at  about  1400  aatrea. 

In  ao  far  me  thee*  heights  eeea  quite  reasonable  when  c  xe pared  with  such  aeaaurunt*  aa 
ww  have,  the  method  oan  olaia  a  certain  credibility  although  clearly  a*. y  other  cases  need  to 
be  worked  oat  and  the  k  sod  floatloc  requireo  nor*  detailed  justification.  It  may  be  noted 
that  the  heights  rre  somewhat  greater  than  in  Lettau'e  reanalyai*  of  the  Uipaig  wind  profile 
(e.g.  X(leipaig)  has  ita  maxima  at  about  25°  ■)  and  this  ia  consistent  with  the  alight 
instability  noted  above  the  surface  layer  which  would  induce  precisely  this  kind  of  effect. 

In  eeacslnmion  than  it  seems  that  there  ia  a  very  real  hope  that  a  aoheae  similar  to  tha 
one  dee  art  bed  la  capable  of  describing  the  nature  of  the  ataoephem'e  boundary  layer,  and  if 
nfw:  further  testa  this  claim  la  verified,  a  comparatively  practical  technique  for  studying 
max*  oomplioa'  d  prooeaaes  in  the  boundary  layer  will  be  avail able . 


Acknowledgment* 

this  paper  is  published  with  the  pexmieeiai  of  the  Director-General  of  the  Heteovclogioal 
Office. 


Ueekadar,  A.  X., 


A*  f  exmow* 

1361  J.Geophye.  I**.,  67,  8,  p.3095 
1967  Ee port  of  the  GAAP  Study  Conference 


Bobyleva,  1.  H.,  Etlitlnkwvioh,  S.  S. 
amt  Lalkfctean,  i).  1.,  1965 


Academy  of  Soieooes  of  the  CSSS,  Moecoe, 
International  Oolloq.  of  fine  eoal*  etraotur* 
of  the  Atmosphere. 


Oyer.  A.  1. 


19(67  J.R.  Hat.  Soe.,  93,  p.5<* 


Hernia,  A,  3,  1950  Irvestia  ASttBSA,  Ser.  Geofi*.  and  Geograph.,  14,  3,  p.«32 

1965  (a)  Irreetia  AB3SSS,  Ser.  Atm.  and  Oceanic  Thy*,,  1,1,  p.45 
1965  (b)  Ibid,  1,3,  p.258 
1965  («)  Tbid,  1,5,  PU90 


Honln,  A.  S.,  and 
SUltlnfcevieh,  8  t. 

htereoe,  K.  *. 


Healo,  I.  U 


Xiiitlaie Tick,  s.  S.  and 
laUttma,  S.  i. 


1967  deport  of  the  GASP  Study  Conference 


1969  Beanmjlvmoi*  State  Chlv.,  Getter  for  Air  Bnrlrcaeent 
Studies,  Publ.  Ho.  102-69 

1963  Trudy,  All -Onion  Seientifio  Hetearolqjlcal  Conference, 
7,  01  drome  teorledat 

1965  lavwatla,  Ser.  Atm.  and  Ooeanl n  ftvye . ,  1,2,  p.1'50 


4 


o 


r 


Fig.  5 


Schemetic  profile*  of  u,v 


X, Y  and  a 


THE  ORIENTATION  OF  VORTICES  DOE  TO  INSTABILITY 

OF  THE  EKMAN  ~  BOUNDARY  LAYER 
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Technlsche  Hochachule  Darmstadt  (Germany) 
wpartinant  of  Meteorology 


Summary 


In  an  unstable  E^CMASI  boundary  layer  vortax  rolls  are  formed;  thatr  axes 
are  orientated  almost  longitudinally,  they  include  an  ar;la  s  of  about 
14  ~  to  the  left  with  the  direction  of  the  geoatrophic  flow.  The  analogy 
of  these  vortices  to  uie  TAYLOR- GORTLER  vortices  on  a  concave  wall  and/or 
to  the  thermo-convective  vortices  due  to  a  heated  wall  will  be  shown. 
Sometimes  a  superimposed  second  vortex  system  observed  whose  axes  are 
orientated  in  a  more  transversal  direction.  The  spacing  of  tose  vortices 
is  larger  than  that  one  or  the  more  longitudinal  vortices.  The  main  part, 
of  this  paper  is  concerned  with  deriving  a  formula  relating  the  foremen- 
tioned  angle  e  to  the  ratio  of  the  wavenumbers  of  the  two  vortex  systems. 
This  formula  has  bon  verified  by  laboratory  experiments. 

An  application  of  t».~4  formula  to  cloud  streets  and  seif  dunes  is  given; 
the  gross- features  of  the  las  ones  can  be  explained  by  vortices  due  to 
EKKAN  layer  instability. 


I.  Introduction 


In  recent  years  pi^cur-'’  from  satellites,  mair.iy  t.hoss  from  Gemini  ana  Apollo 
space  vehicles  flying  in  fewer  altitudes,  have  shown  that  clouds  of  the  cumulus 
type  are  rush  more  arranged  in  pat tarns  of  cloud  rows  (cloud  rtreeta)  as  one  ha* 
thought  before.  Figure  1  gives  such  a  picture  of  cloud  streets  over  Georgia  and 
South  Carolina;  the  lateral  distance  of  the  cloud  streets  in  this  case  averages 
to  3.2  km.  They  extend  in  the  longitudinal  direction  for  more  than  150  km. 

A  very  similar  phenomenon  seems  to  be  given  by  the  teif-dur.ss .  These  are 
straight  and  parallel  chains  oi  dunes  ext<  iding  often  for  more  than  300  km  in  the 
longitudinal  direction  and  having  s  lateral  distance  of  a  few  kilometers  too.  Their 
height  above  the  basis  is  mainly  between  50  a.  and  100  m,  they  ere  called  seif-dunes 
in  Egypt,  Yardangs  in  Persia,  ’urqs  in  Arabia  and  elab  (sing.:  ©lb)  ir.  Mauretania. 
Figure  2  shows  a  photograph  of  such  dunea  in  the  Arabian  desert  as  seen  from  Gemini 
XV. 

For  a  possible  explanation  of  the  formation  of  cloud  streets  or  seif-dunes  the 
vortex  rolls  could  b®  used,  which  are  caused  by  an  instability  of  the  atmospheric 
boundary  'ayer.  As  a  rough  approximation  the  flow  in  this  boundary  layer  may  be 
assumed  to  oe  of  the  EKMAN  type.  In  the  schematic  figure  3  it  is  shown  how  the  for¬ 
mation  of  cloud  streets  and/or  seif-dunes  by  such  vortex  rolls  could  be  understood. 
From  the  observations  of  sea  gulls  WoODCOCK  (194F>  has  concluded,  that  parallel 
stripes  of  upward  motion  exist  c .er  the  open  ocean  under  certain  atmospheric  condi¬ 
tions.  Such  stripes  of  upwind  may  also  be  explained  by  tne  vortex  rolls  dua  to  EKMAN 
layer  instabil’cy. 

For  Instance,  for  the  formation  of  seif-dunes  BAGNOLD  (1945),  d.  224,  postulates  a 
system  of  wind  components  perpendicular  to  the  basic  flow.  The  wind  components  given 
_y  tho  fommentioned  vortex  rolls  are  exactly  of  that  kind.  The  (doubled)  diameter  of 
such  vortex  rolls  as  obtained  by  theoretical  investigations  is  in  fair  agreement  with 
the  observed  lateral  distance  of  cloud  strsetB  or  self-dunes. 

Tho  vortex  rolls  are  more  or  less  longitudinal  vortices  their  axis  is  orienta¬ 
ted  almost  ir.  the  direction  of  the  basic  flow.  The  direction  of  the  axis  end  the  di¬ 

rection  of  the  basic  few  (geostrophic  wind)  form  an  angle  to  the  left  of  the  wind 
direction  varying  between  13°  and  16°. 

.  ....  ar.w.,  la  o.'  oatterns  PLANCK  (’.3CC)  found  the  angie  e  foetw*-..  tne  direc¬ 

trix*  of  cloua  rows  and  the  wind  in  the  cloud  level  to  be  15°.  AN&JXL  a.o.  (1968)  using 
tetroons  studied  the  helical  circulations  due  to  such  voiuex  rolls  and  found  an  angle 
t  between  the  axis  of  the  helical  motion  and  the  geostrophic  flow  (in  500  mb)  of 
13°.  in  laboratory  experiments  the  angle  e  between  the  axis  of  the  almost  longitudi¬ 
nal  vortex  rolls  and  the  basic  flow  has  been  found  to  be  14°  by  GSEGONY  a.o.  (1955) , 

to  be  14.7°  by  FALLER  (1963)  and  to  be  13°  11’  by  HORST  (1969).  A*  a  theoretical 
result  GREGORY  a.o.  (1955)  gives  e  -  13°  i„'.  PALLET  and  KAYLOR  (.’965)  obtained  e 
theoretically  depending  on  the  Reynoldsnumber;  the  most  frequent’ y  obtained  value 
oi  e  is  between  i4°  and  16°.  Similar  results  show  the  numerical  integrations  by 
LILLY  (1966) . 

Cloud  streets  will  be  reorientated  immediately  when  the  direction  of  the  mean 
wind  changes,  in  each  case  it  should  be  possible  to  observe  the  angle  t  .  This 
angle  cannot  be  observed  for  seif-dunes  since  these  are  fixed  and  cannot  be  reorien¬ 
tated  fo-  a  changed  direction  of  the  prevailing  winds.  Figure  4  for  instance  shows 
a  case  of  an  al&b,  where  the  prevailing  wind  coming  from  NE  forms  an  angle  of  about 
75°  with  the  direction  of  the  ohain  of  dunea.  The  direction  of  the  prevailing  wind 


In  this  case  r  --y  be  seen  from  the  direction  of  motion  of  the  barchan  dunes. 

Sometimes  a  second  vortex  system  la  superimposed  on  the  former  system  of 
"longitudinal”  vortices.  This  Is  shown  for  example  in  figure  5  which  gives  a 
schematic  representation  of  distribution  of  clouds  in  the  neighbourhood  of  n 
troughlir.e  in  the  easterlies;  the  axes  of.  vortices  of  the  second  system  seem 
to  be  almost  perpendicular  to  the  nxes  of  the  m.-  ra  longitudinal  vortices.  One 
notices,  that  the  wavelength  in  the  wind  direction  is  much  larger  than  in  the 
traj'svarsal  direction  as  it  should  be  according  to  one  of  the  main  results  of  a 
theoretical  investigation  by  KdO  (1963) .  FILLER  and  KAYLOR  (1966)  have  obtained 
both  these  vortex  systems  in  laboratory  experiments;  they  found  that  the  spacing 
of  the  transversal  vortex  rolls  is  two  to  three  times  that  of  the  vortex  rolls 
with  axis  in  the  more  longitudinal  direction.  They  also  obtained  cases  with  the 
twv  vortex  systems  existing  simultaneously  but  these  pictures  are  not  very  useful 
to  measure  the  two  spacings  and  the  angle  6  .  Very  recently  the  double  system  of 
vortices  has  been  investigated  in  laboratory  expGrir„..Ls  by  "01— T  (1?5S) .  He  cicala 
the  instable  boundary  layer  by  decelera«-  V.g  a  rotating  cylindric  tank.  The  experi¬ 
ments  are  similar  to  those  described  by  STERN  (I960) .  figure  9  gives  a  photograph 
of  one  of  his  experiments;  looking  into  the  rotating  cylinder  filled  with  v,ater, 
the  two  vortex  systems  in  the  boundary  layer  will  be  seen  marked  by  sana  on  the 
ground . 

The  purpose  of  this  paper  is  to  show  how  the  forementioned  angle  £  depends 
cn  the  two  wavelengths  tn  the  more  longitudinal  and  the  more  transversal  direction. 


IX,  The  analogy  of  the  longitudinal  vortex  rolls  to  TAYLOR-G0RTI,5P  vortices 
and  to  thermo-convective  vortex  rolls 

The  longitudinal  vortices  caused  by  an  Instability  of  the  EKMAN  boundary 
layer  are  quite  analogous  to  the  TAYIX>R-GORTI*ER  vortices  on  a  wall  with  concave 
curvature  or  to  the  vor**»x  rolls  on  a  p.-.ane  but  hmated  wall.  The  analogy  between 
the  latter  two  has  beer  shown  by  GORTLER  (1959).  The  (negative)  centrifugal  force 
in  the  case  of  s  concave  wall  and/or  the  buoyancy  force  In  the  case  of  a  heated 
wall  have  to  be  replaced  by  the  Coriolis  force  in  the  atmosphere.  This  will  bo 
shown  for  an  assumed  parallel  shear  flow  in  the  atmosphere  (not  fer  an  EKMAN  shear 
flow  as  it  should  be  when  Coriwlis  forces  are  acting) . 

In  a  coordinate  system  with  a  concave  curved  x-axis,  the  y-axls  horizontal  and  the 
z-axis  in  the  vertical  direction  (as  usual  in  meteorology)  the  equations  of  mot .on 
and  the  continuity  equation  are: 


(la)  "■  V"  +  W  -  (v  +  fw  Cul  •  ♦  K  ’"i;  “  '^,W») 

(lb)  -  "V.  +  ?VL  -  f'w  -  -  f  P,  +  K  + 

(lc)  *wwt  +  ^  -  •=  Pa  +  K  ( w  t  ) 

*  '  1  s 


(Id) 
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w. 
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»  o 


Herein  all  derivations  with  respect  to  x  are  put  zero  since  the  x-axis  shall  be 
the  axis  of  symmatx,,  for  the  longitudinal  vortices;  this  means  £  •  o  for  the 
purpose  of  showing  the  analogy.  The  symbols  «re  chosen  as  usual,  R  is  the  radius 
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oi  curvature  of  the  x-axis,  f  «*  2.  si  axny  and  f*  **  z  •Cu  cob  f  the  two  Coriolis- 

parameters  with  A  the  angular  velocity  of  the  toarth  and  y  the  geographical  lati¬ 
tude,-  \  is  the  angle  between  the  x-axis  and  the  west-east  direction  and  K  is  the 
coefficient  _£  micro-turbulent  diffusion  assumed  to  be  constant.  Use  has  been 
made  of  the  BOUSSIMESQ-approximation,  which  enables  to  consider  the  buoyancy  effect 
due  to  the  heated  wall;  T  Is  the  temperature  deviation  from  the'vvaluo  In  the 
?x,y '-plane.  To  close  the  system  for  the  five  variables  u,%’,w,p,T*  one  needs 
act  a.,  ■ y  a  fifth  equation  (the  c-ergy  equation).  Th.  is  avoided  by  assuming  that 
T *  does  not  depend  on  z . 

By  restricting  the  considerations  to  a  flow  in  the  layer  near  the  wall  (i.e.s 
3  <  f  9  )  one  hoc 


1*1  « 


’  -  << 
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by  which  ill  terms  containing  R  may  be  neglected,  except  the  term  —  in  the 
equation  for  w. 

Using  a  basic  current  in  the  x-direction  (  u  „{ z) ,  v  ■  w"  =*  0  )  one 

obtain^o  a  set  of  four  equations  for  the  perturbations  u’,  v“,  w‘,  p*  .  These  per¬ 
turbations  are  assumed  to  be  of  the  form 


C2a) 

4-.  ^  )  • 

A 

1.  ;  13  Jwpy  ^  )\ 

,  V  .  3A 

L 

*or  *!  -  V.\V\ 

w‘;  p' 

(2b) 

T*<Vt)  * 

r.T|;v^  c*oj  . 

one  obtains 

thr,  following 

wavenumber  equations i 

(3a) 

.i  -  —  * 

lieu  "U.J,  W 

-  ^  V  ♦  ?  w  c-r>\  « 

K(u„- Vu) 

(3b) 
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A  A 
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After  having  eliminated  v  in  (3a),  (3L)  and  (3o>  by  maMrg  use  of  (3d)  and  having 
eliminated  p  by  cross-derivation  of  (3b)  and  (3c)  one  obtains 


(4a)  ^  w.»m*  -  ( ‘  +  2.  K  )  W,x  t  (KVt-  iicjw  = 

.  4  *  ,  i  —  * 

*  -  l  +  ♦  utsjl  -  ’  Tpf 

(4b) 

-  K  *  (  K4‘  +  i^t)  u  •  *  c»»\  -  u.tw 


The  system  (4a),  (4b)  for  the  two  variablea  w  and  u  ahowa  the  effeota  to  be 
atudied  by  the  three  laet  terms  of  the  right  hand  aide  of  equ.  (4a) i 
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This  shows,  Oat  the  vertical  component  of  the  Coriolis  force  acts  in  the  same 
manner  as  the  (negative)  centrifugal  force  or  the  buoyancy  force.  This  component 
of  the  Coriolis  force  is  different  from  zero  as  long  as  the  perturbated  horizontal 
motion  has  a  component  parallel  to  the  basic  current  and  as  long  as  the  direction 
of  the  latter  one  is  not  exactly  meridional. 

The  horizontal  component  of  the  Coriolis  force  appearing  in  (4a)  belongs  to  the 
imaginary  part  of  the  equation,  the  term  ^  u,  has  the  effect  of  coupling  the 
two  equations. 

This  conclusion  is  in  contradiction  to  that  one  by  BARCILON  (1965)  that  the 
Coriolia-force  does  not  effect  the  stability  at  least  for  large  Reynoldsnumbers. 

For  the  system  (4a,  4b)  three  essential  cases  can  be  distinguished: 

♦  A « 

(a)  f  ■  £  *  r>  ,  t  “  o  flow  along  a  concave  w*'M;  on  the  right-hand 

side  of  equ.  (4a)  only  the  third  term  is 
acting,  representing  the  centrifugal  forces. 

In  this  case  (4a)  and  (4b)  give  exactly  the 
equations  (2.4.1.)  and  (2.4.2.)  investigated 
by  GORTLER  (1940)  ,  if  the  real  part  c^.  of  the 

phase  velocity  vanishes  and  the  imaginary  part 

n. 

is  put  CjL  -  - 

(b)  f  »  f*  *  o  ,  R  no  flow  along  a  plane  wall  which  is  heated 

A 

(  T  *  >  o  ) .  Only  the  last  term  on  the  right 

hand  side  of  equ.  (4a)  is  relevant. 

A 

4 

(c)  T  •*  o  ,  R  — *  flow  slong  a  plane  and  non-heated  wall, 

Coriolis  forces  are  acting;  now  the  second 
term  on  the  right-hand  side  of  equ.  (4a)  plays 
an  important  role. 


For  the  atmospheric  boundary  layer  in  general  th«  are  those  of  case 

(  c  ) ,  but  often  (mainly  over  land)  the  buoyancy  fi-c*  ous  w  the  heated  earth 
surface  and  the  Coriolis  force  act  together  in  producing  longitudinal  vortices 
in  the  unstable  boundary  layer  flow.  Photographs  from  satellites  prove  this  in 
showing  well  developed  cloud  streets  which  are  interrupted  over  large  lakes, 
where  thermal  convection  is  prohibited. 


ror  the  condition*  of  case  (u)  *or.gitudi; 


1  m  ►  ...o  i  n 

-  — "”•*  z - - 


laboratory  experiments  already  by  AVSEC  (1939) t  it  is  worth  wnile  to  mention  that 
AVSEC  ’  us  obtained  also  transversal  vertex  rolls,  of  course  in  separate  experi¬ 


ments. 


III.  The  longitudinal  vortex  rolls  In  the  EKMAN  boundary  layer 

In  the  EKMAN  boundary  layer  (  |v||  -  u,  ,  Independent  of  height)  the  bas^c  cur¬ 
rant  is  no  longer  parallel  as  assumed  for  the  derivation  of  (4a)  and  (4b)  ,  but 

(6a)  ud)  -  lvvl  {  1 


\\\  **?(-  /r  *.) 


(6fc) 


v(0 
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or  in  a  coordinate  system  (x  ,  y  z)  ,  which  is  rotated  about  an  angle  £.  around  the 
* 

z-axis  and  whose  x-axis  forms  therefore  the  angle  t  with  the  direction  of  the 
geostrophic  wind  (x-axis) 

(7a)  'W-bO  -  (- 

(7b)  vex)  =  lvv|  ^  (-Vrk 

In  such  a  coordinate  system,  where  the  axis  of  the  vortices  has 
the  x-axis  (all  the  derivatives  with  respect  to  x  vanish)  the 
equations  analogous  to  (4a,  4b)  without  regarding  the  effect  of 
of  thermo-convection  1st 


the  direction  of 
set  of  wavenumber 
a  curved  wall  and 


(8a)  K  [  if«„  ~  **  +  1 

r  *  #  r  •  *  * 

—  .  |  U  -  1  V  T  C-<r>  V  ^ 


(8b) 


A1  u  }  -  i.-V.[(v_c)u 


ulY  )  = 


A 


+  I  \  (  <w> 


1  y 


Heroin  vy' is  the  perturbation  of  the  streamfunctlon  in  the  (y,*)  plane,  u'  the  devia¬ 
tion  of  the  velocity  component  in  the  x-directicnj  for  both  these  quantities  the 
form  of  a  moving  harmonic  wave  is  assumed 

(9a)  f  C  y .  -x.,  t  )  =  (*)  ^  V  (  y  -  ct 


(9b) 


u  (y.x,  k 


It.  ^  x)  X*-f>  ‘  R  (  \  ~  c  ^  ^  ^ 


With  respect  to  the  small  scale  o  j  vortices  the  variation  '  ..c  Z*  with 

geogiupliiwa*  'ri'tuie  nas  oeeu  neglected  (i^  ■  •>  o  ) , 

The  lefthand  side  of  (8a>  is  the  ORR-SOMMERFFLD  equation  for  a  motion  in  the 
(  y,*)-plane>  the  two  terms  on  the  righthand  side  couple  the  two  equations (8e, 8b) . 

For  u  and  v  and  their  derivatives  with  respect  to  t  in  (8a,  8b)  the  expres¬ 
sions  (7a)  and  (7b)  have  to  be  used.  This  has  been  dona  by  t.tt.t.y  (1?**),  yhc  reived 
the  equations  (8a,  8fc)  numerically  in  order  to  find  critical  values  of  the  triple 
(Re,  k,  t  )  for  the  transition  (  c^  ■  o  )  from  stable  to  unstable  conoltiona  of 
the  EKMAN  boundary  layer.  For  the  Reyncldsnumber 


(10) 


Re 


i%l  V. 

K. 


was  used  with  \J ~  '  ,  sea  (  6a,  6b  ). 

LILLY'S  equations,  of  course,  do  not  Include  the  lest  term  ir.  (8a)  and  the 
lest  one  in  (8b) »  they  are  neglected  as  common  in  meteorology  for  large  scnle 
atmospheric  motions.  As  shown  in  (4m)  and  (5)  these  terma  may  be  letpc  t ant  for 
the  formation  of  the  vortices;  there  is  some  doubt  if  neglection  is  justified  in 
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this  case. 

Apart  from  this  the  numerical  results  show  an  angle  t  o  s  %lnce  £  is 
also  observed  in  the  atmosphere  and  obtained  in  laboratory  experiments,  the  que¬ 
stion  arises  how  this  angle  e  (between  the  axis  of  the  vortex  rolls  and  the  geo- 
strophlc  flow)  can  be  understood. 


IV.  The  angle  between  EKMAN-flow  and  the  geostrophlc  flow 

A  simple  explanation  would  be  that  this  angle  e  is  determined  by  the  direction 
of  the  actual  flow  averaged  vertically  over  the  tot*’  EKMAN  layer.  As  height  of  the 
EKMAN  layer  one  defines  the  height  *N  ,  where  v(r  ,  see  (6b),  vanishes  for  the 
first  time,  i.e.; 

(id  2.  *  *  » 


sea  (10).  If  the  vertical  rsan  value  is  symbolised  by 

*  k. )'  -  '>**• 

N  O 

one  gets  for  the  averaged  wind  direction  expressed  by  the  angle  <f 


(12) 


£  ».  cv/rc  t<j  (-—)  —  tc^ 


Using  (6a)  and  (6b)  in  (12)  one  obtains 

i  V  l  A  -  C'W)) 


u. 


V  «  »V  ) 


end  therefore 


(13e) 


c 

o 


AA 


Anothsr  figure  can  be  obtained  for  the  angle  between  the  geostrophlc  flow  and  the 

r  tc1 

■Rjiuil  (lu«  in  middle  of  the  fivnA,,'  layer,  i.e.  for  s  c  T  ./  . ,  .  One  gets 


(13b) 


/■* 

<6 

t 


ii*  <tl 


Theee  figures  for  t  arvi  eoeM^what  nail  compared  with  the  angles  obtained  l.» 
laboratory  experiments  or  observed  vn  the  atsesphere. 


V.  The  angle  between  the  axis  of  the  »>ore  longitudinal  vortices  and  the 
basic  current 

In  this  section  it  shell  li  shown  how  the  angle  e  is  related  to  the  wave¬ 
length  of  the  xora  longitudinal  vertices  and  also  to  the  wavelength  of  a  superimpo¬ 
sed  vortex  systeei  it  la  aeewstd  that  the  axes  of  the  two  vortex  systems  are  ortho¬ 
gonal. 


At  least  in  this  case  of  two  existing  'orthogonal)  vortex  systems  it  can  be 
shewn  that  also  for  a  parallel  rhea r  flow  (  6  »  o  )  the  angle  <  *  o  >  this 
means  e  cannot  be  explained  by  a  c  *  c  as  tried  in  section  iv. 


In  the  laboratory  t'..e  feet  of  Coriolis  forces  is  mott  easily  aimu  ated  by 
experiments  with  rotating  dishpans.  Thi9  is  also  the  reason  for  using  a  modified 
cylindrical  eoc-dinate  system  consietin-  of  logarithmic  spirals  and  spirals  _rtbo- 
gonad  to  them  as  m.ty  be  seen  in  figure  10j  such  spirals  should  b«  useful  to  handle 
the  vortex  axes  deviating  from  the  circular  basic  currant.  The  NAVIER-STOKES  equa¬ 
tion  and  the  continuity  equation  will  be  transformed  into  this  coordinate  system 
{  <5  ,  ,  z  )  starting  from  a  system  of  pure  cylindrical  coordinates  (r,-&%  z)  >, 

the  transformation  relations  are: 


(14a) 


(  T  e 


(14b) 


n  »  ^  (  ■<  -8ns.  r  +  &  ) 


(14c)  X  «  z. 

The  parameter  <x  ,  more  clear  i_n  the  inverse  relations 

*  i 

(15a)  r  *  s-  e 


(15b)  -9s  «  rj  -  «  -t-n  <r 

gives  the  angle  i  between  the  logarithmic  spiral  and  the  circle  by 


( 16a)  t'  c  n. yx 

( 16b)  'C  a.  jvyy  *c 

1  o 

(1 6c)  ^  a-x  < 

see  figure  6.  j.n  the  following  the  abbreviation 


(17) 


■~K  =. 


\  '  - 


vi’l  be  used  where 


(18a. b) 


C-*-3 


Trow  (15a),  '17)  and  ' 
■  l?) 


'a)  it  is  seen  thtc 

■5  t.) 


with  the  assusption  K  -  const,  necessary  for  an  EKMAN  layer,  the  equation*  of 
motion  and  the  continuity  equation  in  the  (  <r,  O  ,  z) -system  are: 
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(20a) 

u<  1 

,»  <  .. 

'  1  S' 

-  U  .. 

<r  < 

U'+  * 

?  M 

+  W\- 

fv 

4-  f  W  C-**  (  rj  -  °(  ^  9" 

-  V)  - 

-Kf‘lu«-  + 

4  i  «,  - 

-  (d  *  <*K 

v  bv-  3-. 

aM 

■J 

~  K"kxx  *  0 

(20b) 

4  ft  |  V.  VTj.  4 

■2-Or  _ 

0-  7 

<u_  V 

Tr  * 

T  VV  ^  -t 

w 

-  f  W  '>4 'A  (<J-  <  ^*i 

<r--0  - 

-  Kp[v,r- 

V  —  v  -T  ^  *Xj 

<5V  ??  <r  * 

u.,.  4  : 

C*  1 

L  VI 

f*  » 

J  -  Kv„  •  0 

(20c) 

wt 

4  ft  |  MW,  4 

2w,  1 

cr  1  i 

4  W  W.  4  if, 

1  s 

+  %  - 

r* 

J 

-  K^j^Wrr 

-v\ 

-  K  w«  *  ° 

(20d) 

/Hu* + 

Si  4 

<T 

i_  TX  _ 

<r  ? 

•V  Wx. 

=.  0 

A  homogeneous  nodiura  (  ?  »  j  )  is  considered , 
The  three  com^-onent*  of  the  vortioity  are: 


(21a) 

m. 

-  1  w  -  v 

-  \  *■ 

(21b) 

a 

*  U‘  -  /*  W<r 

(21c) 

<V 

-  /|[c^v-u 

where  (21a)  give<i  the  emtrponent  perpendicular  to  the  {  <7 , 1.  )-plaine  and  (21b)  that 
on*  perpendicular  to  the  (S',*.  ) -plane,  see  figure  10.  By  croas-derlvation  of  (20c) 
and  (20b)  an  equation  for  m  is  obtained,  by  cross  derivation  of  (20c)  and  (20a)  an 
equation  fox  nj  in  both  squat lone  the  pressure  is  eliminated.  Considering  averaged 
values  and  small  perturbations  (symbolised  by  bar  and  prime)  one  obtains  the  follo¬ 
wing  linearised  vortlcity  equations: 


(22a) 


(22b) 


V,  4  i  mV.  + 
“  7  cp  1 


4  n.' v.  -  1,  a' n  u.'  -  i_  a  u'^  -  'Ux  <^/  -  14',  ^  ^  + 

+  w  +  W'»x  y»  w'  +  n'w,  -  fux  4  + 


-  Kfi  u 


! 


»«■  T  «■* 


4 


*"'r  ~)  -  ?*k/  (7  -  <xi/na-  Tr,  ) 

i,- 

/ 

2  1 

ll7  ~  * 

— m  -4-  V  +  - —  n.  - 

w  (J  ($*  f 

7*-  1  j 

-  K 

i  Tr< 

8-  t 

♦  -L*  ~  a  V  ♦  ^  a  v  -+ 

”  (  ^  <r 

nu',.* 

n/a^ 

4  t •*'  v  -  m'vr  ♦  m  vrj,  -  V.  ^  f 

♦iin.t  w'n,  4  n  4  (i'v„  -  f  4  f  *w*  c«(,j  -  1  tv)  _ 
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ft  [  !W  (1-  •  -  tVw,  C^-  scW-r^j 


*p 


•!' 


1  +  »*■ 


-  s«.  , 


l.'-i-X”- 


For  tho  basis  current  the  assumption  of  a  circular  flow  constant  in  tins  is  made 


(23a) 

V)  - 

nr  Cr,  1  ■) 
(*>) 

(23t) 

7cO  - 

<v  «  o 

<.*■  > 

which,  of  course,  will  not  satisfy  (20a)  and  (20b)  for  the  naan  values.  une  should 
b«  avers  of  that;  ths  basic  current  (23)  will  b«  ussd  for  tha  sake  of  simplicity. 
Between  ths  vector  component*  in  ths  two  Cvordinate  systems  the  following  rela¬ 
tionships  are  valid 


(24s) 

ACO  “ 

V  A  + 

A,. 

(24b) 

> 

£ 

ti 

cf_ 

A 

/TTi? 

^<T) 

As  a  consequence  hereof  regarding  (23b)  one  has 


(25) 


U  =  -  nr 


(25)  has  been  uead  to  replace  all  the  quantities  u,  m,  n,  q  and  their  deriva¬ 
tives  by  v  or  by  the  derivatives  of  v  .  Because  of  (23b)  w  ■  o  . 

Considering  tho  <r  -spiral  as  the  vortex  Mis  and  therefore  as  the  axis  of 
symmetry 

(26a)  (  u'er)^  =  O 

(26b)  v'  .  w'  *  0 

cr  o 

the  divergence  in  the  (<^,  z) -plane  will  vanish 
(27)  |  ~  +  w,  -  O 


and  a  streamfunetion  ^* ( ^ ,i  )  can  be  used 
(28a)  w'  -  -  ,^Y7'  -  t(|  y' 

(28b)  tj'  - 


by  which  (21a)  becomes 
(28c) 


*'/»*•  ' 
-t>  y 


Quite  analogous  exprsssions  are  obtained  when  the  ^-spiral  is  cons ids red 


I 
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as  vortex  axle.  The  derivations  vith  respect  to  r>  have  to  vanish 

(29a)  (v  «.*"(  )n  =  o 

(29b)  u'  «.  w.  »  o 

*  2 

The  vanishing  of  the  vargence  ir.  the  (  «",*) -plane 

(30)  p>  |  v/r  +■  It  ^  +  wj.  *  o 

allova  -fee-  the  use  of  a  atreamfunctlon  er,z)  by  wb  i 


Ola) 

(31b) 

and  according  to  (21b) 
(31c) 


*  A  j' 


-pi'~ 


Making  use  of  (28a),  (28b)  and  (28c)  in  (22e)  one  obtains  a  differential 
equation  for  f '(  ^,z,t  )  containing  also  u'{  )  as  a  further  perturbation 

quantity. 

In  the  same  manner  using  Ola) ,  (31b)  and  (31c)  In  (22b)  a  differential  equation 
for  y‘(  er,s,t)  is  obtained  which  contains  also  v'(0\s,t  ).  The  two  differential 
equations  ares 


(32a) 


£j-zv[y  +o**o<]*  +  v-*[lf,7+ 

+  £j-iv  ■*•*>* +  *  *S* + 

+  ^  j  v  *V<t  -  \  * 

-  f  >»t  +  X  f '  -  0 


(32b) 


+  ?*[-“' Vnt- **«*■£+  Kl1,rVerw"  +  **£„-  *<«■»£,  «• 

+  |  *i'f'  +  “3  ffV^»(r  1  + 

L  J  vrr  3  j 

+  f~-KKw+  -V  O-O^-mWY}  . 

’  V  i  +  ^  *=•  o 

J  is.  t  J  ■»**■* 


According  to  {23a)  the  basic  currant  has  bean  specified  as  axi- symmetric  j  in 
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addition  stationarity  i*  no w  postulated  for  the  basic  current  and  for  its  dependence 
on  r  It  is  assumed 

(33)  »  "Be.)  r 


corresponding  to  the  inner  part  of  a  RANK I ME  vortex.  From  (33)  with  (24b)  and 
(15a)  one  gets 

(34)  =  -  —~t 

Uiln^  feh©  bst ic  flow  (34)  in  (32a)  &nd  (32b)  In  bo^u  these  equations  tents 
with  p>A-  as  coefficient,  terms  with  ,&%■*■  and  tarma  with  /s1  /«*  will  appear  • 
but  also  terms  which  are  free  of  p/er  .  According  to  (19)  p>/r  is  vary  small 
if  r  is  very  large.  By  the  assumption  of  very  large  r  (which  may  be  in  conflict 
with  (33)  valid  only  in  the  inner  part  of  a  KANKXNE  vortex)  all  the  terns  contai¬ 
ning  fiV«rv  and  ft"  / may  be  neglected.  Hereby  the  two  equations  are  much 
simpler. 

Equation  (32a)  contains  y'  and  u',  the  second  aquation  needed  to  aloes  the 
system  is  ecy.  (20s)  in  linearised  form  for  the  perturbation  u' j  in  this  equation 
the  conditions  (26a)  and  (26b)  have  to  be  used  and  alao  p^.  »  o  . 

The  form  of  a  moving  harmonic  wave  shall  be  assumed  for  the  two  perturbations 


(35a) 

f  C?.*,*-)  * 

Mty.  [  ^  -  <•-.  t  )  j 

(35b) 

1/  fc  )  «.  U  (x) 

-tvf  [  >/*  " fc< 

Herewith  one  obtains  for  (32a)  and  the  just  described  equation  developed  from 
(20a)  the  following  set  of  two  wave  number  equations: 


<>»  «Y„„*  •>(*.  -  &OT,,  .  -ifeVt  -  S^-cn-OV.- «  v>  ,  o 

(37)  -  KU,;  +  [ -77^-B- u  ■x'BvY  _  (IB +  4  -  O 


On  the  other  hand  equation  (32b)  contains  yand  v’>  here  (20b)  in  lineari¬ 
sed  form  and  with  regard  of  (29a),  (29b)  and  f,  *  o  gives  the  second  aquation 
needed  to  close  the  system.  The  form  or  a  moving  harmonic  wave  will  also  be 
assumed 

(38s)  ^  ( <r  ■/. ,  +.  )  «  -  ^3  a |  i.v  (  4-  c^i)^ 

(38b)  ■v'(«r,-5(t)  -  V  (  (v  (  ~  +  cxt 

Herewith  on  obtains  for  (32b)  and  the  forementiemed  equation  originating 
from  (20b)  a  set  of  the  following  two  wavenumber  equations  1 
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«°)  KV„  »  \  Sii>  -  ivcjv  .  itg  -  us.  o  $x  ,  o 

The  two  systems  of  wavenumber  equations  (36),  (3?)  and  (39),  (40)  are  ayaaectria 
with  the  exception  of  the  following  deviations! 

(a)  The  sign  of  the  first  term  in  (36)  is  opposite  to  the  sign  of  the 
first  term  in  (39) 

(b)  The  sign  of  the  first  term  in  (37)  ie  opposite  to  the  sign  of  the 
first  term  in  (40) 

(o)  In  the  third  term  of  equation  (37)  appears  the  faocor  <e  but  in  the 
third  term  of  (40)  the  factor  i 

The  first  equations  of  each  set  namely  (36)  and  (39)  are  complete J y  symmetric 
in  the  invisold  ease  (Re  -»«»).  Let  us  assume  this  for  further  comparison.  This 
ie  justified  by  the  argument  that  the  terms  containing  '4fgjsj  and/or  $S8!BB 
e-e  considered  to  be  less  important. 

Then  the  amplitude  functions  (*)  and  V(s)  obey  the  same  differential  equation 
as  Y (s)  and  U(i)  ;  in  both  oases  the  transition  to  instability  of  the  boundary 
layer  depends  on  B  ,  B#  ,  BgI  and  f.  If  instability  occurs  vortex  rolls  of  both 
systems  should  be  formed  where  the  wavenumber  of  the  more  longitudinal  vortices 
is  (U  and  of  the  more  transversal  vortex  rolls  is  For  a  comparison  of  these 
two  wavenumbers  one  has  to  consider  that  v  should  be  counted  along  c"  instead  ~~ 


Inserting  (43)  in  (44)  one  gets  ths  relationship  between  the  angle  i  and  the 
wavenumber  retio 
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(45) 


LI 


Hi 


en  (ivi) 


4T 


The  following  table  gives  few  values  of  the  wavenumber  ratio  and  the  corresponding 


angle  £ 


V 

f*- 

oL 

£, 

0.5 

5.51 

11°1Q' 

0.72 

4.17 

13°30' 

1.00 

3.41 

16°20* 

2,00 

2.48 

22°00' 

It  ib  seen  that  for  an  observed  angle  £  ■  13°30'  the  wavelength  In  the  longitu¬ 
dinal  direction  <5  is  larger  than  that  one  in  the  transversal  direction  7  ,  it  is 
L  »  1.4  L,j  .  The  sxperlmftnts  by  TALLER  and  BAILOR  gave  2  t  L,AT  <  3 
which  would  imply  t  <  l'i°  according  to  formula  (45)  < 


VX.  The  verification  of  formula  (45)  by  laboratory  experiments 


Recant  experiments  by  HORST  (1969),  very  briefly  described  in  section  X, 
sec  fig.  9,  allow  to  measure  the  angle  e  as  well  as  the  simultaneous  wavenumbers 
and  v  .  This  has  been  dona  for  a  total  of  72  runs  giving  e  ,  ,  v  for  varied 

experimental  parameters  (diameter  of  the  cylinder,  height  of  the  fluid,  initial 
circular  velocity,  viscosity) .  Using  the  measured  values  of  the  wavenumbers  ^ 
and  v  in  equation  (45)  a  "theoretical"  angle  £fch  has  been  computed  and  has 
been  compared  with  the  measured  angle  £  .  The  result  is  shown  in  figure  7  where 
the  rather  large  scattering  of  points  is  overcome  by  comprehending  them  t>r  equally 
spaced  stripes.  Indead,  one  notices  a  systematic  deviation,  however  the  mean  values 
agres  very  well 


f 


43°  44 


43*  4«?' 


One  should  remember,  that  besides  some  other  assumptions  for  the  formula  (45) 
orthogonality  of  the  two  vortex  systems  has  been  assumed;  in  the  experiments  the  angle 
between  the  axes  of  the  two  vortex  systems  has  not  been  measured,  it  is  estimated 
to  be  about  60°  -  70°;  this  ,aay  be  a  reason  for  the  systematic  deviation.  Also  one 
should  keep  in  mind  that  the  assumption  (23a)  of  an  axi-aymmetric  basic  current  is 
inadequate  for  HORST1#  experiments  where  the  basic  current  has  a  radial  component 
depending  on  height  and  therefore  is  similar  to  an  EXMAN  boundary  layer  flow. 

VII.  The  orientation  of  cloud  atreata  and  sclf-dunea 

There  ia  no  doubt  that  ths  cloud  streets  are  formed  b*  more  or  less  longitu¬ 
dinal  vortax  rolls  due  to  instability  of  ths  EXMAN  layer;  tl.  -  helical  motion,  of 
course,  will  be  intensified  whet;  thsrsel  convection  occurs  ana  buoyancy  forces 
ere  eating  also.  If  both  vortex  syatf-ms  are  perceptible  and  the  two  wavenumbers 
are  evaluable  (as  for  instance  from  figure  5)  the  direction  of  the  geostrophie 
flow  oan  be  determined;  this  would  differ  only  very  little  from  the  direction 
of  the  swan  wind  at  the  cloud  base. 

Cloud  streets  will  be  reorientated  immediately  when  the  mean  wind  changes  its  direc¬ 
tion. 
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&  completely  different  situation  sxists  with  respect  to  tha  seif-dunes.  These 
are  probably  formed  also  by  the  helical  motion  in  vortex  rolls  due  to  Ekraan  layer 
instability.  But  the  formation  of  seif-dunes  takes  a  very  long  time  in  which  climatic 
changes  are  possible  including  oranges  of  the  direction  of  the  prevailing  wind. 
Therefore  the  orientation  of  seif-dunea  should  give  with  about  14°  to  the  right  u.a 
direction  of  the  wind  averaged  over  the  whole  time  of  the  formation  of  these  dunes 
except  those  periods  in  which  the  boundary  layer  has  not  been  unstable.  Comperison 
of  this  direction  with  the  wind  direction  given  by  climatological  data  of  our  time 
should  allow  conclusions  on  long  term  climatic  changes. 


Since  the  interior  part  of  the  seif-dunea  ia  firm  (only  the  sand  of  the  outer  part 
can  be  moved  by  wind)  these  dunes  are  fixed,  when  EKMAN  layer  instability  occurs, 
the  formation  of  vortax  rolls  does  not  take  place  over  a  plane  earth  surface  as 
assumed  in  the  theory  of  instability  but  over  ajrf  waved  topography  prescribing  al¬ 
ready  the  angle  t  and  the  wavenumber  fx  in  the  lateral  direction,  for  which  tha 
amplitude  of  velocity  perturbatlona  will  amplify.  This  means  only  the  wavenumber 
s>  in  the  more  longitudinal  direction  is  not  proscribed  directly  by  the  topographic 
features  but,  of  oourse,  it  determined  by  £  and  j*  according  to  (45) .  Zt  should  be 


(46) 
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xtr 


l  >  o 


Same  values  of  the  wavenumber  ratio  are  given  in  the  following  table 


£ 

V 

t 

V 

/“* 

10° 

0.465 

o 

o 

« 

5.31 

15° 

0.850 

35° 

13.0 

20° 

1,57 

40° 

31.9 

25° 

3.39 

45° 

86.6 

To  give  an  example)  If  £  ■  40°  and  the  wavelength  in  the  transversal  direction 
"3.5  km,  a  wavelength  in  the  direction  along  the  dunes  Lr  •  110  m  should 
occur.  Zn  figure  6,  after  CLOS-MtCEDOC  (1968),  one  notices  long  chains  of  dunes 
showing  a  structure  along  these  eheins,  which  already  have  been  out  to  pieces.  It 
seems  possible  to  explain  such  a  structure  as  the  effwct  of  the  superimposed  second 
vortex  system  having  a  rather  high  wavenumber  because  of  s  large  value  of  e  •  This 
would  mean  that  tha  prevailing  winds  which  had  originally  an  almost  east-west  direc¬ 
tion  (from  85°,  whereas  tha  chains  of  dunas  run  72°  to  252°)  would  have  turned  to  get 
a  southerly  component,  say  from  110°  to  290°  (l.e.i  £  ■  38°  )  and  ^umained  in  that 

direction.  The  effect  of  tha  superimposed  second  vortax  system  now  is  supported  by 
the  basic  current  clearly  shown  by  the  sand  blown  to  the  right  of  the  ohaln.  Zt  has 
been  formed  e  "lefthand  side  type*  of  an  Elb  (after  CLOS-MICEDOC  1968) . 

The  use  of  the  logarithmic  spirals  for  the  coordinate  system  in  the  foregoing  deri¬ 
vation  excludes  oases  with  a  <  o  »  however  tha  reasoning  is  also  possible  for 
t  «  o  and  si lows  also  an  explanation  of  the  so-oalled  "righthand  aide  type* 
of  an  lib. 

If  the  prevailing  wind  would  change  for  more  then  45°  from  the  original  direction 
the  vortioes  with  their  axis  in  the  lateral  direction  and  the  vortices  perpendi¬ 
cular  to  then  would  have  to  ohange  their  roles.  In  this  oeee  c  and  v  would  be 
presoribed  by  the  existing  seif-dunea  where  jh  would  be  determined  by  (45) . 

Zt  is  fait  that  tho  gross- feat urea  of  seif-dunea  can  be  explained  by  the  two  vortex 
systems  due  to  an  instability  of  the  EKMMf  boundary  layer. 
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SUMMABY 


The  diffusion  isodsl  utilising  the  ideas  of  similarity  theory  for  the 
aiaeepherle  surface  layer  is  explained.  The  Surfaoe  layer  ie  a  layer 
adjacent  to  the  Earth's  surface  in  which  the  turbulent  fluxes  of  mo¬ 
mentum  and  sensible  heat  can  be  -  ^ated  &a  constant  with  respect  tc 
height.  The  surface  layer  ie  approximately  50  m  in  depth.  -  The  re¬ 
sults  of  the  theoretical  findings  are  then  compared  with  concentra¬ 
tion  measurements  under  known  meteorological  conditions.  These  data 
were  obtained  from  Project  'Prairie  Grass',  where  sulfur  dioxide  was 
used  as  tracer.  The  results  show  that  good  agreement  between  theory 
and  experiments  can  be  obtained  nly  when  the  'lateral  turbulence 
level '  6^/u*  is  included  through  a  regression  equation. 
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I.  Introduction 

During  the  last  eight  years  a  numbar  of  papers  have  dealt  with  the 
application  of  similarity  theory  to  turbulent  diffusion  in  the  atmospheric 
surface  layer  (Morin  1 959 1  Batchelor  1 959 *  1964,  Ellison  ; 959 *  Gifford  ’962, 
Cermak  1963,  Yaglom  1965,  Panofsky  and  Prasad  1965,  Paequill  1966).  Hone 
of  these  papers,  however,  compared  concentrations  as  obtained  by  diffusion 
experiments  with  the  predictions  made  by  theory.  Most  of  them  considered 
the  relative  dependence  on  distance  from  the  source  but  Pasquill  (loo.oit.) 
compared  the  vertical  standard  deviation  <T2  of  concentration  at  a  fixed 
distance  (100  m)  from  diffusion  experiments  with  similarity  theory  results. 
The  aim  of  this  paper  is  therefore  to  compare  the  results  of  diffusion  ex¬ 
periments  performed  during  Project  'Prairie  Grass 1  with  theoretical  expecta¬ 
tion.  First,  a  short  outline  of  the  diffusion  model  utilizing  the  ideas  of 
similarity  theory  will  be  given. 


ti.  The  Diffusion  Model 

The  fundamental  hypothesis  of  similarity  of  the  statistical  properties 
of  turbulent  flow  in  the  atmospheric  surface  layer  -  the  turbulence  of  which 
is  assumed  to  be  horizontally  homogeneous  -  waB  given  by  Monin  and  Obukhov 
(1954).  This  hypothesis  can  be  stated  as  follows:  In  a  layer  adjacent  to  the 
Earth's  surface,  which  ie  approximately  50  m  in  depth,  the  turbulent  fluxes 
of  momentum  and  sensible  heat  can  be  treated  as  constant  with  reBpect  to 
height.  Therefore,  the  friction  velocity  (—  u*w' and  the  covariance 

between  temperature  and  vertical  wind  fluctuations  wT5,r,  which  is  proportio¬ 
nal  to  the  turbulent  flux  of  heat,  are  the  characteristic  parameters  of  this 
layer.  Together  with  a  buoyancy  parameter  g/TQ  (g  acceleration  of  gravity, 

Tq  mean  temperature)  they  can  be  uniquely  combined  to  a  scaling  length  I 
(containing  von  K&rm&n's  constant  k  for  convenience) 

in 

which  is  the  now  well-known  Monin-Obukhov  stability  length.  The  similarity 
hypothesis  assumes  that  for  high  ^Reynolds  numbers  (which  are  always  found 
in  the  eurfaos  layer  with  the  exception  of  the  very  first  millimetres 
or  bo  above  ground)  all  statistical  properties  of  the  flow  depend  only 
on  the  ratio  (z/L),  apart  from  any  boundary  condition  which  may  enter. 

We  now  consider  the  concentration  distribution  from  an  instantaneous 
source.  (Since  we  consider  the  concentration  only  at  times  t  >  d/u#, 
the  source  can  be  of  small  size  d).  The  marked  particles  are  released 
from  this  source  at  time  t  =  0  and  the  source  is  at  the  surface.  If  we 
denote  the  mean  position  of  the  particles  or  the  centre  position  of  the 
cloud  by  x  (t),  y  (t)  and  7  (t),  then  the  concentration  Xis  at  a  point 
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with  co-ordinate#  x,  y,  z  and  at  tins  t,  originating  from  a  aouroe  of 
strength  Q^g  will  be  a  function  of  the  foil'  ring  variables: 


%ia  (x,y,z,t)  -  f(Qlfl)  x  -  x  (t),  y  -  y  (t),  z  -  I  (t),  (2) 

It  should  be  noted  here,  that  in  accordance  with  similarity  theory  the 
only  available  length  scale  is  L.  Since  we  have  8  variables  and  3  funda¬ 
mental  dimensional  units,  mass,  length  and  time,  3  dimensionless  ratios 
can  be  formed  as  follows: 


*,x>  ty 


(3) 


Heferring  to  the  similarity  hypothesis  again  and  applying  dimensional 
reasoning,  dx  (t)/dt  and  d'sCtJ/dt  can  be  obtained  by  the  following  re¬ 
lations  : 


a?(t) 

<U 


u  - 


(4) 


where  zQ  ia  the  roughness  length  and  is  inherent  in  the  boundary  condi¬ 
tion  u  (zQ)  «  0. 


(5) 


where  b  Is  a  dimenaionleBB  constant  and  f^  some  universal  function.  y(t) 
oan  be  made  zero  without  loss  of  generality  by  symmetry  considerations 
and  selection  of  orientation  of  the  co-ordinate  system. 

By  integration  of  Eq.  (5)  and  dimensional  reasoning  we  get 


-f  -jM/Lj  •*(*(?■) 

since  z(0)  *  0,  or 


Using  Eq.(7)  in  Eq.(3)  we  obtain 


(9) 
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Introducing  a  new  function  f^  where 


(¥/D5  <■  f g  we  have 


(10) 


Since  we  have  assumed  a  constant  wind  direction  we  integrate  Eq.  (10) 
with  respect  to  time  in  order  to  obtain  the  concentration  distribution 
for  a  continuous  source  and  get 


(ii) 


Changing  the  variable  of  integration  with  help  of  Eq,  (4),  Eq.  (11) 
reads 


We  are  particularly  interested  in  the  concentration  distribution  at 
ground  level  downwind  from  the  source,  which  we  obtain  by  putting 
y  =  z  a  0  in  ffl.  Furthermore,  we  notice  that  the  distribution  function 
fg  gives  the  particle  probability  with  respect  to  the  centre  position 
of  the  particles.  This  distribution  function  depends  not  only  on  the 
relative  position  of  the  particles  with  respect  to  their  centroid,  but 
also  on  the  height  of  the  centre  above  ground  and  therefore  on  time. 

On  the  other  hand,  the  function  fg  is  a  shurply  peaked  function  for 
values  of  (x  -  x)  near  zero.  For  thiB  range  of  values,  z  (t)/L  can  be 
treated  as  constant  and  we  reach 


using 


Two  points  remain  to  be  investigated, 
function  of  x(t)  and  the  second  is  to 


The  first  is  to  express  ¥  (t)  as  a 
state  the  function  f2  which  is  the 
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equation  for  +he  wind  profile.  In  order  to  obtain  the  firet  r<  .tionehip, 
we  use  Bqs.(4)  and  (5)  and  get 


(15) 


III,  The  Wind  Profile 

It  ie  assumed  that  the  veloolty  of  the  centre  of  particles  is  equal 
to  the  mean  wind  velocity,  and  that  the  function  f2(i/L)  can  be  obtained 
from  the  integrated  KBYPS  wind profile  (Yamamoto  1559,  Klug  1967).  This 
form  of  the  vertical  wind  profile  under  diabetic  conditions  is  based  on 
the  earns  assumptions  as  mentioned  earlier  in  this  paper.  She  equation  for 
the  integrated  wind  profile  reads 


f»(fr)  "  *  "  ^  Wr  -  2  tank*'  S'  (16> 

where  T  is  related  to  b/L  by 

('6.) 


and  cC  is  a  dimensionless  constant  (<<»  7), 

Monin  (1959)  has  proposed  from  dimensional  reasoning  a  form  for  .he 
function  f^(s/L),  whioh  is  related  to  the  wind  profile.  Following  this 
proposal  we  write 


Aftr)  -  &  -  W} 


(17) 


with  f£  the  derivative  of  f2  with  respect  to  cCs/L.  Using  relationships 
of  Eqa.  (16),  (16a)  and  (17),  we  o^.ain  for  Eq.  (15) 

rfS/L 


j/u 


(18) 


Since  d((rt?/l)  -  (  C4  +  3)df/r4,  we  have 

r 


L 


(19) 
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Integration  01  ^q.(19)  with  2q.(16)  inserted,  yields 


tiij  .  p£S. .  w'V-  i^L^k'r- 


-  -L  (^r.  -  2,  tin  V.  -  2,  Wk" 


•  rJ“F-J 


r 

t. 


(20) 


This  function  was  evaluated  with  the  help  of  the  IBM-7090-Computer  of 
Oaa  Ridge  National  Laboratory  and  the  result  is  presented  in  Rig.  1. 

o  2 

Por  convenient  comparison  with  earlier  papers  X  •  L*'/(Q,.l  k*eC  )  ie 
plotted  in  Pig.  2  as  a  function  of  (oC-  k  ■  b  ■  x)/  |  L  |  .  The  parameter  of 
the  curves  is  oC  e0/L.  It  should  be  noted  here  that  for  this  purpose  of 
comparison  f^  of  Eq. (13)  ia  put  equal  to  one.  The  results  obtained  differ 
slightly  from  the  results  in  Gif ford's  paper  (1962)  Pigs.  2  and  3,  where 
the  diabatic  wind  profile  was  integrated  numerically. 


IV.  Comparison  with  diffusion  experiments 

The  set  of  diffusion  data  which  seems  to  be  the  most  suitable  for 
comparison  with  theory  is  the  one  obtained  by  Project  'Prairie  Grass' 

(Barad  1958).  The  wind  profile  measurements  published  were  used  to  deter¬ 
mine  the  stability  length  L  and  friction  velocity  u*  after  a  method  which 
was  proposed  by  the  author  in  a  recent  paper  (Klug  1967).  No  experiment 
was  used  in  the  analysis  if  the  standard  error  of  estimate  between  the 
observed  and  theoretical  wind  profile  was  >  10  cm  sec“^.  With  the  proce¬ 
dure  mentioned,  values  of  L  and  u,  were  obtained  for  each  run  and  are  listed 
in  Table  1 .  The  conoentratioc  data  used  were  those  of  the  uaximum  concen¬ 
tration  on  each  aro  after  smoothing  the  original  data. 

The  value  of  the  constant  b  in  Bq.  (5)  is  stiU  ^cen  to  question. 
Several  values  between  0.1  and  1.0  have  been  proposed  by  different  authors. 
We  are  using  b  •  0.4,  a  value  which  was  advocated  by  Ellison  <  1 97*9)  and  by 
Pasquill  (1966). 
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She  next  etep  to  take  lr,  to  determine  the  function  of  fg  of  Eq„  (13). 
For  this  purpose  it  was  assumed  that 

(aft)  •  G  '  aft) 

where  g  (0)  -  1.  S  was  then  computed  for  those  runs  taken  under  neutral 
condit  one 


G  *  * 7 . 0 .°)  •  V  z‘{fift)  ‘  )]/fo<.  * )} 


ADIA0. 


The  mean  values  of  0  for  all  runs  taken  under  adiabatic  conditions  averaged 
to  ^  -  0.09,  Q100a  -  0.12,  0200a  -  0.13,  0400a  «  0.13  and  0800a  -  0.13. 

The  value  of  0  Increases  considerably  from  the  50  m  to  the  100  m  arc,  but 
then  remains  fairly  constant.  This  behaviour  can  be  ascribed  to  the  fact 
that  tUe  source  height  in  the  diffusion  experiments  concerned  was  not  at  the 
surfaoe  (as  was  assumed  in  the  model),  but  46  om  above  ground.  As  Yaglom 
(loc.oit.)  explains,  only  when  he  travel  time  tfrh/u#  (where  h  is  the  souroe 
height),  will  the  partioles  have  'forgotten'  the  source  height  where  they 
started  from  so  that  the  effect  of  a  non-sero  eouroe  height  will  be  negligib¬ 
le.  The  values  of  0  above  were  used  to  determine  the  function  g(s/I.)  from 
the  oonoentratlon  values. 
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Table  1. 

Values  of 

friction  velocity 

u#  [cm 

seo”^]  and  stability  length 

1  [m] 

Bun 

u#[cm  sec”1]  l[eJ 

Bun 

u#[cm  Beo"1 

1  4«] 

5 

43*9 

-  19-0 

41 

26.1 

23.1 

6 

50*  3 

-  58*9 

42 

43-5 

4,084*2 

7 

35-4 

-  4*5 

43 

40*6 

-  7*0 

8 

33*3 

-  48-4 

44 

46*3 

-  11*7 

9 

52*1 

-  18*4 

45 

44*3 

-  38*2 

15 

25*6 

-  5*7 

46 

40*6 

228*9 

17 

24'  1 

33-5 

54 

28-5 

37-0 

18 

22-1 

16*6 

55 

43-2 

293-8 

21 

44*0 

150-4 

56 

34-5 

69-2 

22 

53-1 

133*6 

60 

33-1 

44-0 

23 

44-2 

95-9 

61 

60-3 

-  9.6 

35 

27*0 

30-5 

62 

40« 4 

-  7*1 

38 

30-9 

40-5 

65 

32*5 

30-4 

Whan  the  values  of  g  were  oomputed,  it  turned  out  that  there  was 
no  correlation  with  i/L.  Instead,  it  was  found  that  g  remained  effectively 
opnstant  within  one  run  (if  g  were  a  function  of  z/L  it  would  vary  with 
distance),  but  they  varied  considerably  from  one  run  to  the  next.  There¬ 
fore  other  relationships  were  tried.  A  significant  correlation  was  found 
between  g  and  6'Y/u#»(v'  )  /u#.  A  plot  of  g  in  relation  to  (T/u*  is 

given  in  Fig.  3.  The  regression  line  drawn  in  this  figure  is 

g  ™  -  0,28  6^/u,  ♦  1*48 

The  correlation  coefficient  ie-  r  ■  0,84  +  0*04. 


3.  Conoluelone 

The  results  indicate  that  the  model  introduced  earlier  does  not 
include  all  pertinent  variables  in  the  dimensional  analysis.  This  forces 
us  to  the  conclusion  that  Eq.  (2)  should  include  <Ty  in  the  list  of  inde¬ 
pendent  variables  and  Sq.  (3)  should  therefore  readt 


>  L  >  L  >  L  *  u. 


(22) 


Putting  it  in  other  words,  the  taoit  assumption  which  was  made  in  setting 
up  Kq.  (2)  was  that  all  other  variables  which  may  be  left  out  in  this 
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relationship  depend  uniquely  on  the  variables  listed.  In  our  oaoe  this 
would  lead  to  assuming  that  ^y/u*  -  f  (z/L)  only.  However,  there  seems 
to  be  an  increasing  amount  of  observational  evidence  that  this  Is  not 
true  (see  Lumley  and  Fanofsky  1964).  The  foregoing  results  are  an  indirect 
verification  of  these  results. 

After  taking  into  aocount  6^.  by  the  empirical  relationship  above^th 
agreement  between  observed  and  calculated  concentration  is  good.  The  ratio 
H  of  observed  to  calculated  concentrations  is  on  average  over  all  26  runs 

fi100m  -  1-01  ±  O.Oi. 

&400m  "  1,04  ±  0,06» 

1*00+  0-08. 

It  must  be  recognised  that  this  good  agreement  was  obtained  only  after  the 
empirical  relationship  G*g(6^/u„)  was  employed  It  seoma  doubtful  whether 
such  good  results  could  be  achieved  by  merely  transferring  these  results 
to  another  set  of  experimental  data. 

There  is  still  some  discrepancy  between  the  findings  of  the  above 
analysis  and  the  results  by  P" squill  (loo.oit.),  who  found  that  the  stan¬ 
dard  deviation  6^  of  the  vertioal  concentration  distribution  at  a  fixed 
distance  could  not  -  under  hie  assumptions  -  be  pretloted  when  using  Xq..(5) 
of  this  paper  and  a  value  of  b  *  0-4.  Pasqulll  states,  however, that  a 
'much  more  statlsfaotory  correspondence*  between  predicted  and  observed 
values  of  6^  can  be  obtained  by  changing  b  from  0*4  to  1*2.  A  possible  ex¬ 
planation  of  the  discrepancy  is,  that  by  determining  0  in  the  above  ana¬ 
lysis  (which  has  the  same  effeot  as  changing  b  to  a  larger  value),  the 
same  result  as  Paaquill's  it  already  Incorporated  in  the  analysis. 


B50m  "  1,01  i  °'04* 
S200m-  1,01  ±  0‘°4* 

®800m  “ 
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Figure  1  t  Plot  of  dlaenelonlaaa  height  of  oantva  position  of  tha  cloud 
agalnat  dinenalonleee  distance  from  aouroe  for  different  ata- 
bilitiaa.  Pull  line,  unstable,  broken  linea  stable  atrati- 
fioation. 


a 


figure  2  t  Diaenaioalaaa  axial  concentration  raluaa  aa  a  function  of  tha 
diaenalonleee  downwind  distance.  Pull  linea  stable,  broken 
line  a  unstable  stratification.  Parameter  raluea  of  {Aa^Lli 
fq  of  Bq.  (13)  ia  put  arbitrarily  equal  to  one. 
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SUMMARY 


To  simulate  certain  features  of  atmospheric  and  oceanic  shear  flows,  some  characteristics 
of  rotation- dominated  laminar  and  turbulent  Ekman  boundary  layers  have  been  studied  using  hot-wire 
anemometry  and  a  large  rotating  tabic.  The  Ekman  layers  are  generated  on  two  4.  3  meter  diameter 
rotating  circular  plates  by  sucking  air  through  the  12,  ?  cm  wide  gap  between  the  plates  into  a  central 
hub  with  a  large  blower.  Beginning  at  Reynolds  numbers  (layer  thickness  •  core  speed /kinematic 
viscosity)  of  100  or  so  we  observe  wave-like  disturbances  similar  to  Class  A  (also  called  Type  11) 
instabilities.  The  spectra  of  these  waves  and. their  variation  with  height  and  Reynolds  number  are 
presented.  Rapid  increase  of  wave  amplitude  with  Reynolds  number  was  observed.  As  the  Reynolds 
number  is  increased  above  200,  the  general  turbulence  level  increases  until  the  layer  becomes 
fully  turbulent  near  a  Reynolds  number  of  1000.  We  present  observations  of  the  mean  profile  in 
the  layer  and  turbulence  spectra.  n'e  find  that  the  profiles  are  logarithmic  and  very  similar  to 
profiles  in  the  classical  smooth  plate  layer.  The  proper  scaling  parameter  for  the  spectra  appears 
to  be  the  Kolmogoroff  scale  based  on  the  local  dissipation  rate. 


NOTATION 


growth  rate  of  disturbance  divided  by  Q 
minimum  detectable  wave  amplitude 
initial  wave  amplitude 

phase  speed  of  disturbance  divided  by  V 

i 

Ekm&fi  depth  *  Jy/Q)® 
frequency,  HZ 
wave  canber 

dimensionless  wave  number  «  kD 
3  4 

Kolmogoroff  length  *  (v  /()* 
radial  coordinate 
outer  radius  of  flow 
Reynolds  number  based  on  7  and  D 

critical  Reynolds  number  for  onset  of  wave  instability 
Rossby  number  3  V/2  fi  R 

volume  flow  through  blower 
power  spectrum  of  turbulence 

friction  velocity 

radial  velocity  component  in  boundary  layer 
circumferential  velocity  component  in  boundary  layer 
circumferential  velocity  in  interior  flow 
vertical  coordinate  normal  to  rotating  plates 
rocghness  length 

measured  boundary  layer  thickness 
dissipation  rate 

angular  velocity  of  rotating  table 
kinematic  viscosity 

wsve  frequency  divided  by  table  frequency 
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I.  INTRODUCTION 


The  ir  stabilities  of  the  laminar  Ekmaix  boundary  layer  have  been  studied  experimentally 
by  Fuller*  and  by  Tatro  and  Mollo- Christensen3.  The  most  pertinent  theoretical  woi'k  is  by 
Lilly  .  Fuller  was  able  to  visualise  waves  which  set  in  at  a  Reynolds  number  of  125.  The 
Reynold*  number,  Re  ,  is  defined  as  VD/y  where  V  •  stream  speed,  D  ■  boundary  layer  depth, 
and  v  ■  viscosity.  He  called  these  "Type  1"  waves.  Fuller  and  Kaylor4  describe  a  "Type  II" 
wave  which  set*  in  at  a  Reynolds  number  of  70,  The  Type  II  waves  have  a  longer  wavelength  and 
higher  phase  speed  than  Type  I.  In  Greenspan's5  review,  Type  I  is  called  class  B  and  Type  II  is 
called  class  t 

Lilly  and  Fuller  and  Keylor  used  different  numerical  techniques  to  study  the  problem  and 
obtained  va U-ji  for  the  critical  Reynolds  number  and  soma  parameters  of  the  '"sves.  A  eom- 
pilatlcn  of  rxperimenHl  and  theoretical  results  is  given  in  Table  1.  According  to  both  experi¬ 
mental  studies  the  waves  break  up  into  turbulence  at  eomewha  higher  Reynolds  numbers;  200  to 
500  according  to  Fuller  and  Kaylor,  200  to  350  according  to  Tatro  and  Mollo- Christensen.  In 
this  paper  we  shall  present  the  results  of  an  experimental  study  using  apparatus  similar  to  that 
of  Tatro  and  Mollo- Christensen.  In  addition  to  standard  analog  techniques,  we  have  used  digital 
data  recording  and  proceesing  to  atudy  the  waves  in  more  detail  and  to  look  at  the  transition  to 
turbulence. 

The  Reynolds  numbers  in  the  earlier  experiments  were  too  small  to  produce  the  fully 
turbulent  boundary  layer  relevant  to  atmospheric  shear  flows.  In  the  present  experiments,  we 
have  studied  mean  profiles  and  turbulence  spectra  for  Reynolds  numbers  up  to  1500,  well  above 
the  onset  of  fully  developed  turbulence. 


II.  APPARATUS 


A  schematic  of  the  flow  system  is  given  in  Fig.  1.  Air  is  drawn  in  on  top  o*  the  table, 
brought  to  the  outside  under  plate  C,  made  to  flow  to  the  center  between  plates  A  and  B,  and  then 
blown  out  up  the  center  pipe.  The  mass  flow  was  monitored  by  a  pitot- static  tube  placed  In  the 
blower  outlet  and  a  strain  gage  differential  pressure  gage.  The  table  was  rotated  by  a  Graham 
variable  speed  transmission  at  speeds  continuously  variable  up  to  105  r.p.  m.  The  transmission 
is  powered  by  a  three-phase  motor  which  holds  the  speed  as  steedy  as  the  power  line  frequency. 

Measurements  of  mean  and  fluctuating  velocities  were  made  with  hot-wires  near  the 
bottom  surface  of  plate  B,  near  the  top  surface  of  plate  A,  and  in  the  interior  flow  between  the 
plates.  The  probes  were  inserted  through  one  of  a  series  of  holes  drilled  in  plate  B. 

A  remotely  operated  probe  traversing  mechanism  was  used  to  adjust  the  vertical  position 
and  orientation  of  the  hot-wire  probes.  The  degree  of  rotation  was  indicated  by  a  potentiometer 
and  vertical  displacements  were  measured  by  counts  of  a  micro- switch  triggered  by  a  cam  mounted 
on  the  shaft  which  moved  the  probe.  Each  revolution  of  this  shaft  corresponded  to  .  0025  Inches  of 
vertical  motion. 

Electrical  connections  to  the  rotating  apparatus  were  provided  by  two  sets  of  slip  rings. 

A  set  of  copper  strips  dipped  in  mercury -filled  grooves  was  used  for  both  high  power  and  low 
noise  circuits.  A  set  of  mechanical  rings  was  used  for  less  critical  circuits. 

The  hot-wire  measurements  were  made  in  two  ways.  For  mean  flow  measurements,  the 
hot  wire  was  connected  to  a  constant  resistance  circuit  (D1SA  Model  55A01).  The  voltage  required 
to  keep  the  hot  wire  at  constant  resistance  was  measured  by  a  voltage- to-frequency  converter  and 
a  counter.  Sox.  f  the  turbulence  measurements  were  made  by  high  passing  and  recording  this 
signal.  When  it  was  desired  to  make  multi-channel  recordings,  eac*1  *»«*  '  s  connected  in 

series  with  two  twelve- volt  car  batteries  and  a  1000  ohm  resistor  for  „  t  current"  mode 

of  operation.  The  voltage  across  the  hot  wire  was  amplified  and  band-pas.,  .oand  0.  1  to  20  cps) 
before  tbs  signal  was  passed  through  the  slip  rings.  Signals  were  recorded  digitally  on  a  system 
composed  of,a  Vidar  scanner,  Preston  amplifier,  Applied  Development  Corporation  analog- to- 
digital  converter  and  an  incremental  tape  recorder.  The  recorder  can  make  500  steps  per  second, 
so  with  twelve-bit  accuracy  and  one  channel,  for  example,  250  numbers  per  second  can  be  recorded. 


III.  THE  BASIC  INTERIOR  FLOW 


At  the  beginning  of  these  experiments  the  apparatus  was  smaller  than  shown  In  Fig.  1. 

The  geometry  was  the  same  and  the  plate  separation  was  the  same,  but  the  overall  diameter  was 
only  214  cm  (measured  to  the  last  entrance  screen).  In  the  interior,  the  flow  direction  was  found 
to  be  nearly  tangential,  with  the  flow  spiraling  in  at  an  angle  of  one  or  two  degrees  from  tangential, 
depending  on  the  speed  of  flow  and  the  rate  of  rotation. 
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If  the  Rossby  number  Rg  {=  V/2rfl  ,  where  fl  is  the  basic  rotation  rate)  were  zero  and 
the  flow  of  infinite  horizontal  extent,  the  circulation,  2i rVr  ,  should  be  independent  of  position. 

{It  should  be  noted  that  V  is  the  speed  of  circumferential  flow  relative  to  the  rotating  plates).  The 
direction  of  flow  in  the  core  would  be  exactly  tangential  with  transport  to  the  center  occurring  only 
in  the  boundary  layer  on  each  plate.  The  circulation  would  be  equal  to  S/D  where  S  is  the 
volume  flow  through  the  blower  and  D  =  (p/0)t  ,  the  Ekman  layer  depth.  Near  the  boundaries  the 
flow  would  be  described  by: 


u  =  [sin(z/D)  exp(-z/D)  exp{-z/D)] S/(2  Dr) 


v  =  [l-cot(t/D)  exp(-z/D]  S/{2  Dr) 


where  u  is  the  radial  component  and  v  the  tangential  component  of  velocity  and  z  is  the 
vertical  distance  from  the  boundary.  As  z~»,u-»0  and  v  ■*  V  . 

This  flow,  which  satisfies  the  equation  of  continuity  exactly  and  satisfies  the  Navler- 
Stokes  equation  in  the  limit  of  zero  Rossby  number,  ie  an  ideal  Ekman  layer  bounding  an  exactly 
geoetrophic  core  flow.  This  flow  will  not  be  realized  in  the  present  apparatus  because:  (1)  The 
flow  ie  not  horizontally  infinite  but  must  develop  from  the  edge  of  the  table  and  (2)  The  Roseby 
number  cannot  be  made  small  enough.  The  effects  of  both  development  and  non* zero  Rossby  number 
on  the  circulation  are  as  follows.  Near  the  edge  of  the  table  the  circulation  (calculated  in  the 
rotating  system)  is  very  low.  It  increases  as  the  flow  develops  inward  and  then  decreases  as  the 
Rossby  number  becomes  larger  near  the  center  of  the  table.  At  the  lower  rotation  rates  the  outer 
adjustment  region  extends  farther  toward  the  center.  Centrifugal  instability  seems  to  be  the  cause 
of  this  long  adjustment  region.  The  circulation  of  the  flow  in  the  rotating  coordinate  system  at 
radius  r  is  2trr  V(r)  .  In  the  stationary  system  it  is  2fr  V{r)  +  2irr  ft*  ,  which  in  the  ideal  case 
is  equal  to  S/D  +  2f r  ft*  .  At  the  outer  screen,  r  =  R  ,  the  fluid  has  not  yet  been  accelerated 
faster  than  die  basic  rotation  so  its  circulation  as  at  most  2ffR  ft*  .  There  must,  therefore,  be  a 
region  where  Y(r)  is  such  that  the  circulation  decreases  as  we  go  outward.  But  centrifugal 
stability  would  require  the  circulation  to  increase  outward,  so  this  region  must  be  unstable.  In 
the  adjustment  region  the  hot  wire  signal  shows  very  large  oscillations  indicating  large  eddies  in 
the  flow. 


IV.  BOUNDARY  LAYER  MEAN  FLOW 

An  example  of  the  measured  laminar  boundary  layer  flow  profiles  is  shown  as  Fig.  2.  At 
a  given  height  the  probe  was  routed  and  the  response  as  a  function  of  direction  plotted.  The 
direction  of  maximum  apparent  speed  was  found,  and  the  speed  measured  at  that  angle.  The  zero 
angle  ie  Uken  as  the  direction  of  flow  well  away  from  the  plate.  Measurements  cannot  be  made 
closer  than  about  .02  cm  fron.  .he  plate  because  of  heat  losses  from  the  hot  wire  to  the  plate.  The 
measured  boundary  layer  thickness  0  was  defined  as  the  height  z  where  v/V  =  0.  8  ,  which 
corresponds  to  s  *  D  in  the  Ekman  solution.  For  most  measurements,  the  v  component  alone 
was  determined  by  aligning  the  hot  wire  parallel  to  the  radius  for  the  entire  traverse. 

In  order  to  investigate  the  variation  uf  0  with  radius,  6  was  measured  at  several  blower 
speeds  (below  wave  producing  speeds)  at  several  radii.  There  was  very  little  variation  of  boundary 
layer  thickness  with  either  speed  of  flow  or  radius  at  these  low  Reynolds  numbers,  a  behaviour  con¬ 
trary  to  that  observed  by  Tatro  and  Mollo* Christensen,  who  found  a  significant  variation  of  thickness 
with  radius  and  Reynolds  number. 

At  higher  Reynolds  numbers  the  boundary  layer  profile  changes  radically  with  increasing 
Reynolds  number.  Turbulence  smooths  out  the  profiles  and  eliminates  the  overshoot,  at  shown  in 
Fig.  3.  Actually,  the  overshoot  persists  to  higher  Reynolds  number,  but  occurs  at  larger  distances 
from  the  boundary  than  are  shown  in  Fig.  3. 

At  Reynolds  numbers  higher  than  those  at  which  the  above  observations  were  made  the  flow 
appears  fully  turbulent.  The  "wave*"  become  lost  In  a  smooth  turbulent  spectrum.  The  mean  pro¬ 
files  lose  their  resemblance  to  laminar  profiles,  and  the  total  turning  of  the  direction  of  flow  de¬ 
creases. 


Mean  profiles  of  u  and  v  are  shewn  in  Fig.  4  in  the  form  u/V  and  v/V  vs.  10(ftZ/u  )  . 
This  height  scaling,  by  0.  1  u*/  0  ,  reduces  all  the  profiles  at  one  radius  for  various  Reynolds  and 
Rossby  numbers  to  one  curve,  but  the  profiles  st  a  different  radius  reduce  to  a  slightly  different  curve. 
The  boundary  layer  characterieticv  at  the  two  locations  could  be  expected  to  differ  somewhat  beca,  e 
of  variations  in  the  radial  preesure  gradient. 

e 

The  valuee  of  u  used  for  the  scaling  ware  derived  from  the  v  profile  by  aetuming  the 
etraight  line  eection  to  obey  the  relation  u  *  2.  5  u*  loge  ( Z / Z „ )  .  The  roughneee  length,  Zq  ,  turns 
out  to  be  about  0.  001  cm  and  the  drag  coefficient  about  .  003.  Although  these  profiles  cannot  oe  fit 
with  a  smooth  flow  relation  with  only  U  at  a  variable  parameter*,  the  value*  of  U*Zg/p~are 
sometime*  lest  then  0. 1,  which  corresponds  to  the  smooth  flow  regime  in  the  non- rotating  cate. 
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The  u  profile*  do  not  collapse  nearly  *■  well  to  e  single  curve  when  scaled  in  the  same 
way  as  the  v  profiles.  They  do  clearly  show  that  the  maximum  value  of  u  occurs  much  closer 
to  the  surface  than  In  the  laminar  case. 


V.  ONSET  OF  INSTABILITY 


The  hot-wire  signal  began  to  exhibit  a  wavelike  character  as  the  Reynolds  number  was  in* 
creased.  Characteristic  records  are  shown  in  Figs.  S  and  6.  As  the  Reynolds  number  was  slowly 
increased,  the  waves  appeared  quite  suddenly.  The  amplitude  at  first  increased  rapidly  with  in* 
creasing  Reynolds  number  and  then  grew  more  slowly.  With  further  increase  in  Reynolds  number, 
the  waves  eventually  were  submerged  in  a  growing  turbulent  spectrum. 

The  critical  Reynolds  number  was  found  by  observing  the  waves  on  an  oscilloscope  to  find 
their  approximate  frequency,  then  feeding  the  signal  from  the  hot-wire  through  a  Krohn-Hite  band 
pass  filter  with  both  cutoff  frequencies  set  at  the  wave  frequency.  The  filtered  wave  signal  was 
then  fed  to  a  Hewlett-Packard  voltage- to-frequency  converter,  which  gives  a  pulse  rate  proportional 
to  the  magnitude  of  its  input  voltage,  regardless  of  polarity.  The  pulse  rate  was  then  averaged  by  a 
counter  for  typically  100  secs.  The  output  of  the  counter  was  plotted  against  Reynolds  number  until 
a  sudden  increase  in  reading  shewed  that  the  waves  had  started.  Critical  Reynolds  numbers  mtv 
sured  in  this  way  corresponded  exactly  with  these  taken  from  complete  spectral  analyses. 

The  critical  Reynolds  number  for  the  observed  waves  seems  to  depend  on  Rossby  number, 
or  at  least  on  the  radius  at  which  the  observation  is  made.  Figure  6  shows  the  critical  Reynolds 
number  as  a  function  of  Rossby  number.  Tatro  and  Mollo- Christensen  found  an  apparent  radial 
dependence  which  was  removed  when  the  measured  boundary  layer  thickness  and  tangential  velocity 
were  used  in  calculating  the  Reynolds  number  instead  of  D  and  a  velocity  based  solely  on  die  total 
mass  flow.  Our  critical  Reynold*  numbers,  which  were  computed  using  the  measured  tangential 
flow,  and  the  measurements  of  boundary  layer  depth  shown  in  Table  2  [which  shown  no  measurable 
deviation  from  ( vl  fl)»  ]  do  exhibit  an  apparent  variation  of  critical  Reynolds  number  with  either 
radius  or  Rossby  number.  This  may  be  explainable  through  a  remark  of  Failed  that  apparent 
variations  of  critical  Reynolds  number  with  Rossby  number  in  this  type  of  apparatus  might  be  due 
to  the  fact  that  as  the  disturbances  grow  from  infinitesimal  amplitude,  they  move  into  regions  of 
higher  Reynolds  number.  The  apparent  critical  Reynolds  number  then  will  always  be  higher  H»n 
the  Reynolds  number  at  which  they  started  to  grow.  The  increase  will  depend  on  the  Rossby  number, 
according  to  this  relationship: 

2  c 

R2  (R  -R  )(R*2  -  R'2)  =  — £  R,  log  (A/A  ) 
e  '  e  ec”  e  ec  a  0  *e  cf 


where 
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r 


A 

A 
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■  apparent  critical  Reynolds  number 
“  true  critical  Reynolds  number 

=  Rossby  number 

*  phase  speed  divided  by  tangential  core  flow 

■  growth  rate  of  waver  "ivided  by  0 

*  minimum  detectable  amplitude  of  waves 

■  amplitude  of  waves  when  they  start  to  grow. 


When  the  data  shown  In  Fig. 
find  the  best  fit  with  R-.  ■  fS.  7*3 


is  fitted  to  this 

x  1G« 


relationship  in  a  least  square*  sense,  we 
-  •■■■>.  •  »  .>  and  A/Ac  *  5  x  10*  .  It  might  be  noted  that  the  determination* 
of  critical  Reynolds  numb*.-  were  made  by  Increasing  the  blower  speed  with  rotation  rate  cohetant 
until  the  wave  appeared.  This  procedure  increeses  the  Reynold#  number  and  Roaeby  number  pro¬ 
portionately,  so  w*  approached  the  curve  of  apparent  critical  Reynolds  number  vs.  Roseby  number 
at  an  oblique  angle.  This  may  bt  the  cause  of  much  of  the  scatter  in  the  point#  in  Fig.  7. 


VI.  INSTABILITY  SPECTRA 

Spectre  were  calculated  from  the  hot  wire  signals  by  processing  the  recordlnge  made  ae 
described  previously  on  s  Control  Qeta  3600  Computer.  The  techniques  used  to  com  puts  the  trans¬ 
form  ars  as  described  by  Haubrich  ,  except  that  the  Cooly-Tukey  algorithm  was  used  :e  shorten 
the  computations. 

The  spectrum  changes  radically  in  the  Reynolds  number  range  100  to  200.  Figure  S  shows 
the  effect  on  the  spectrum  of  increesing  the  Reynolds  number  from  124,  just  at  onsst,  to  320.  At 
Re  ■  320  the  waves  no  longer  stand  out  from  the  general  turbulent  spectrum,  which  seems  to  have 
an  onset  point  of  its  own.  Figure  9  shows  the  vsriaw.  a  with  Reynold*  number  of  peak  energy 
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(energy  in  a  bauu  centered  around  the  if  'ctral  maximum)  in  db  and  the  energy  at  6.  S  cpa.  The 
waves  (tart  first  and  stand  out  well  al  ve  the  noise  until  Re  300  when  they  appear  to  lose 
energy  to  the  turbulence. 

Figure  10  shows  the  relative  energy  in  the  waves  as  a  function  of  distance  from  the  boundary. 
The  shape  of  the  curve,  especially  the  sharp  minimum  between  three  and  four  Ekman  depths,  com. 
pares  quite  well  with  Fig.  12  of  Lilly's  paper.  At  Z/D  ~  3  both  horisontal  components  of  the 
"orbital  velocity"  go  through  minima  according  to  Lilly.  The  maximum,  Z/D  ~  1  ,  is  also  con* 
sis  tent  with  Lilly's  picture. 

The  peak  widths  in  Fig.  8  are  typical.  The  Q  of  the  peak  is  always  4  to  5.  The  center 
frequency,  fg  ,  seems  to  increase  with  Reynolds  numbers,  but  not  sharply.  The  quantity  an  *  2  fg/tl 
should  be  dependent  only  on  the  Reynolds  number  [2yfg/n  3  (2y/Q)(cr Vk/2f  D)  ■  crKR,  ,  where 
cr  is  the  dimensionless  phase  speed  used  by  Lilly].  The  measured  values  of  Oq  are  plotted  vs. 
Reynolds  number  in  Fig.  11  and  the  values  of  frequencies  for  Type  I  and  Type  11  waves  as  predicted 
by  Lilly  are  plotted  for  comparison.  It  seems  clear  again  that  we  are  observing  waves  similar  to 
Type  2.  Correlation  of  observed  spectra  (particularly  peak  frequencies)  with  the  growth  rate  dia¬ 
grams  of  Lilly  (Figs  1  through  8)  is  very  difficult  because:  (1)  The  oscillations  at  a  given  frequency 
are  produced  by  waves  which  have  many  different  values  of  vector  wave  number.  Figure  11  shows 
a  diagram  similar  to  Lilly's  Fig.  7  with  contours  of  (Jq  .  The  lines  of  constant  frequency  cross 
the  contours  of  growth  rate  in  such  a  way  that,  for  example,  9q  *  10  for  waves  close  to  both  of 
the  two  maxima  of  growth  rate.  (2)  The  waves  are  observed  at  Reynolds  numbers  much  above  Rec  ; 
they  have  grown  by  a  factor  of  about  50,  000  so  one  has  no  right  to  expect  a  linear  perturbation  cal- 
eolation  to  be  applicable.  (3)  Even  if  the  analysis  were  applicable,  the  calculation  of  the  growth  of 
the  waves  would  require  following  their  progress  through  from  the  first  Reynolds  number  at  which 
they  become  unstable  to  the  Reynolds  number  at  which  they  are  observed.  The  largest  amplitude 
wave  at  a  particular  Reynolds  number  is  not  necessarily  the  one  which  has  the  highest  growth  rate 
for  that  Reynolds  number,  but  the  one  which  has  grown  the  most  through  its  entire  history. 


VII.  TURBULENCE  SPECTRA 


Figure  12  shows  amplitude  spectra  of  the  hot-wire  signal  at  Reynolds  number  of  1340, 
Rossby  number  of  1.20,  measured  with  a  spectrum  analyser.  Each  line  represents  data  taken  at 
a  different  height.  The  turbulent  energy  is  clearly  contained  within  the  boundary  layer;  it  decreases 
by  a  factor  of  over  1000  as  the  height  is  increased.  When  the  spectra  are  rescaled  by  Kolmogoroff 1  s 
first  hypothesis  (using  length  and  time  scales  depending  only  on  v  and  c  ,  the  local  dissipation 
rate)  and  using  the  dissipation  in  a  constant  stress  boundary  layer  (<  *  V*/{0.4  Z)),  they  collapse 
into  ore  curve,  shown  in  Fig.  13.  If  the  Reynolds  and  Rossby  cumbers  are  varied,  the  spectra 
change,  but  the  same  scaling  seems  to  work. 


VIII.  CONCLUSIONS 


1.  Despite  the  uncertainties  involved  in  comparing  observed  spectra  with  growth  rates 
calculated  from  perturbation  theory,  it  is  clear  that  we  are  mainly  observing  Type  U  waves  be¬ 
cause:  a)The  critical  Reynolds  number,  when  corrected  for  curvature  (Rossby  number)  effects, 
is  very  close  to  previous  results  for  Type  II  b)  The  central  frequencies  of  the  waves  are  In¬ 
creasing  with  increasing  Reynolds  number  as  in  Lilly's  calculation  for  Type  II,  rather  than  de¬ 
creasing  toward  aero  as  his  calculation  shows  for  Type  I.  c)  The  variation  of  wave  intensity  with 
distance  from  the  boundary  (Fig.  10)  is  consistent  with  the  eigenfunctions  shown  for  Type  H  by 
Lilly  (hie  Fig.  12).  However,  the  difference  in  this  respect  between  1  and  II  is  small. 

2.  We  are  evidently  seeing  the  waves  emerge  from  the  general  level  of  disturbances  in 
the  flow  after  they  have  been  growing  for  eome  time.  At  e  given  frequency  we  see  waves  with 
many  different  wavelength#  end  directions,  toms  of  which  may  in  fact  be  of  "Type  I.  "  The  dis¬ 
tinction  becomes  somewhat  blurred  at  the  higher  Reynolds  numbers;  growth  ratss  vary  by  no  mors 
than  a  factor  of  two  along  alins  to  Fig.  il  betwesn  the  most  unstabls  modes  of  ssch  type.  The 
wavee  observed  by  Tatro  and  Mollo- Christensen  teemed  to  have  higher  Q't  ,  as  their  chart  re¬ 
cordings  do  not  show  tha  "modulation"  characteristics  of  wide- bend  signals  txhibitsd  in  our  Fig. 

5  and  e. 


3.  The  vertical  scale  of  tha  turbulent  profiles  is  u^/  0  ■ 

4  The  proper  scaling  factors  for  the  spectra  are  Kolmogoroff  length  and  time  scales 
baaed  on  te  <  local  dlesipation  rate  for  the  constant  stress  boundary  layer. 


A  CKNOW  LEDGEMENTS 

This  work  was  supported  principally  by  NSF  Grant  GA  849  .  The  authors  have  been  partially 
supported  by  NSF  Grant  GK  1515  and  GA  1452.  Tha  assistance  of  Ken  Helland  to  this  work  is  ap¬ 
preciated. 


22.9 


REFERENCES 


1.  Filler,  A.  J. ,  "An  Experimental  Study  of  the  Instability  of  the  Umliar  Ekmen  boundary 
Layer,  "  J.  Fluid  Mech. ,  Vol.  IS,  pp.  560-576,  1966. 

2.  Tatro,  1  R.  and  Mollo-Christensen,  E.L.  J. ,  "Experiment*  on  Ekman  Layer  Instability, " 
J.  Fluid  Mech. ,  Vol.  28,  pp.  531,  1967. 

3.  Lilly,  D.  K. ,  "On  the  Instability  of  Ekman  Boundary  Flow, "  J.  Atmos.  Set,  Vol.  23, 
pp.  481-494. 

4.  Fuller,  A.  J.  and  Xaylor,  R.  E. ,  "A  Numerical  Study  of  the  Instability  of  the  Laminar 
Ekman  Boundary  Layer, "  J.  Atmos.  Sci. ,  Vol.  23,  pp.  466-480,  1966. 

5.  Gresnspan,  H.  P. ,  The  Theory  of  Rotating  Fluids,  Cambridge  University  Press,  1969. 

6.  Csanady,  G.  T. ,  "On  the  "Resistance  Law"  of  a  Turbulent  Ekman  Layer, "  J.  Atmos.  Sci., 
Vol.  24,  pp.  467-471,  1967. 

7.  Haubrich,  R. ,  "Earth  Noise,  5  to  500  Mlllicycles  per  Second, "  J.  Geoph.  Res. ,  Vol.  70, 
pp.  1415-1427,  1965. 


22-6 


TABLE  1 


Theory 

Experiment 

Present  Work 

Faller 

and 

Faller, 

Kaylor 

Lilly 

Faller  k  Kaylor 

Tatro  It  M-C 

^scrii 

1 10 

125  ±  5 

124.  5  +  7.  32  «0 

A/D 

11 

11.9 

10.  9 

11.8 

Type  1 

* 

f 

+  12° 

8° 

+  14. 5  ±  2.  0 

+  14.  8  ±  0.  8 

V  /V 

p  geo 

.094 

... 

3.4% 

**ecrit 

55 

... 

56.  3  ±  116.  8  Rq 

56.  7 

A/D 

21 

22  to  33 

27.  8  ±  2:  0 

(frequency) 

Type  2 

* 

c 

-20° 

+5°  to  -20° 

o 

CO 

1 

0 

o 

o 

61%  of  that 

V  /V 

P  g«° 

.  57 

... 

~16% 

predicted  by 
Lilly 

4  it  inglt  between  wavefront  and  the  "Tangential"  direction. 


Reaulte  of  calculations  and  observation!  of  instabilities 


TABLE  2 


PER  *  2.  322 

D  *  .230 

Radius 

RE 

6/D 

cm 

97 

33 

039 

.  997 

50 

.  0595 

96  r 

64 

.076 

988 

77.  5 

.  092 

1. 000 

90 

.  107 

965 

103 

128 

1.010 

123 

146 

1.035 

36 

52 

.  166 

1.014 

92.  5 

.296 

1.028 

131 

418 

1.008 

Boundary  layer  thickness 


1.  Schematic  diagram  of  apparatus 
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V sloe  tty  profits*  for  th*  laminar  boundary  lay* 
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Fully  turbulent  boundary  U*,*r  profiles 
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The  nou-aeronautioal  problems  related  to  ataosphsrio  ehear  flows  are  brtedly  divided  :.nto  those 
of  the  off  sots  of  tbs  airflow  itself  on  sariroaneatal  oon&itiona  sod  thosa  of  tho  sffeots  of  tbs  air¬ 
flow  on  structures  inserted  ic  it.  Tbs  first  oat* gory  includes  wind  ah* Iter,  suck*  dispersal  and 
air  pollution,  sad  tbs  flos  of  wind  in  and  around  building  oonplexsa.  %  far  tbs  most  inportant  prob- 
lans  In  tbs  ssoond  ostogory  rslata  to  tbs  dasigp  of  struoturss  against  the  loadings  due  to  wind, 
for  aaiqr  buildings  and  struoturw*  oonsidsratioa  qf  tbs  tine-averaged  wind  loads  ia  auffiolant  but 
with  tbs  nodsrn  tendency  towards  wort  alsndsr  and  lighter  struoturaa  using  wsthods  of  fabrication 
wbiob  produce  lass  struotursl  dssping,  th *y  haws  bseons  aors  prona  to  rsspcoA  to  tha  unsteady  wind 
loading  wbioh  ariasa  sithsr  directly  froa  tha  fluotuation*  at  wind  tarot  duo  to  tbs  turbulence  of 
atnosphorio  shear  flows  or  to  tbs  inherent  asrodynanio  instability  of  tbs  structure. 

9m  Inportant  properties  of  atnosphorio  winds  in  the  abort  problsna  ere  the  variation  of  the 
wind  speed  and  direction  with  height,  and  tha  ahareotsrl atio s  of  tha  turbulence  and  their  depend eno* 
on  height.  These  properties  vary  with  the  terrain  over  whioh  the  wind  flows  and  with  the  strength  of 
the  wind.  Sane  of  the  effects  of  the  speed  profiles  and  of  tbs  turbulence  of  stnospherio  shear  flows 
on  awoke  dispersal  end  wind  loading  are  briefly  discussed. 
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Introduction 


Inasmuch  aa  atmospherio  shear  flow*  fora  a  part  of  our  olimatologloal  environment  it  ia  evi¬ 
dent  that  their  influence  and  consequently  the  related  problems  oust  he  widespread  indeed.  However, 
in  this  review  discussion  will  be  limited  to  sons  of  the  problems  relating  to  Ifec  building  and 
constructional  industry.  These  can  be  conveniently  regarded  as  falling  into  two  categories s  the 
problems  associated  with  the  airflow  it  self ,  and  those  oonoemed  with  the  effects  at  the  airflow  on 
the  building  or  structure.  In  the  firet  oategory  are  the  problems  at  wind  shelter,  of  smoke 
dispersal  and  air  pollution,  and  of  the  wind  environment  around  and  through  building  ocmplezsa,  town 
centres,  eto.  In  the  second  oategory  are  the  problems  of  wind  leadings  on  buildings  and  structures. 
Tor  the  design  of  seas  structures  the  time-averaged  wind  loads  suffice,  but  for  others,  espeolally 
for  those  of  slender,  lighter  oonstruotion  employing  mmdsdm  methods  at  fabrication  which  providm  only 
low  amounts  of  struotural  damping,  the  unsteady  wind  loads  lssdlng  to  an  osoillatocy  response  ansi 
enter  into  the  design  considerations.  Suoh  unsteady  wind  loadings  may  arise  directly  from  the 
fluctuations  of  wind  pressure  due  to  the  velocity  fluctuations  at  tszfculect  (Ms,  or  ttm  MM  SSWBOe 
of  aerodynamic  instability. 

Smoke  dispersal, wind  environment,  steady  and  unsteady  wind  loadings  are  all  influenced  by  the 
oharaoteristios  of  atmospherio  winds  in  the  earth's  boundary  layer.  These  oharaoterietioe  vary  with 
the  terrain  over  whioh  the  wind  flows,  <^d  thus  the  response  of  a  etruoture  to  wind  and  the  other 
wind  effeots  mentioned  above  will  di'  it  considerably  aooording  to  the  site  on  whioh  it  ia 
oonatruoted. 


2.  Relevant  Charaoteristios  of  Atmospherio  Sheer  Tlcwa 

The  oharaoterietioe  of  atmospheric  shear  flows  whioh  are  relevant  to  the  problems  of  smoke 
dispersal,  to  environmental  wind  oonditiona,  and  to  wind  loading  of  structures  are  basically  the  wind 
speed  (and/or  wind  pressure)  and  ita  temporal  end  spatial  variations.  Temperature  gradient  is 
significant  only  in  so  far  as  the  lapse  rate  influences  the  wind  speed  oharaoteristios.  While 
meteorologists  have  provided  muoh  valuable  information  on  the  mean  winds  speeds,  not  enough  is  knam 
about  the  turbulence  etruoture  in  the  atmospherio  shear  flora.  However,  a  number  of  investigations 
have  been  made,  or  are  in  progress.  The  following  resume  of  generally  aooepted  oharaoteristloa  at 
the  atmospherio  winds  for  adiabatio  lapse  rate  oonditiona  is  largely  due  to  the  work  of  Davenport'*2 

and  Harris^.  The  supporting  evldenoe  is  not  always  very  strong  <nd  modifications  oan  be  ezpwoted  as 
more  information  becomes  available. 


(a)  Wind  profile 


A  power  law  expression  for  the  variation 

V 

_i 

0?"  and  are  the  mean  wind  speeds  at  looal  height  s  and  at  gradient  height  sft)  is  more  convenient 

than  the  usual  logarithmic  profile  expression  in  equation  (l).  The  exponent  at,  and  the  gradient 
height,  depend  on  the  roughness  of  ths  terrain,  aa  in  the  following  Table  1. 


of  mean  wind  speed  with  height 

s  \« 


(z) 


...  (1) 


Table  1 


Type  of  Terrain 

a 

•ft 

metres 

t 

Open  terrain  with  very  few 
obataolsst  open  grass  or 
farmland  with  few  treeo  or 
other  barriers,  preiris,  tundra 
desert,  low  islands,  eto. 

0.16 

300 

0.005 

Terrain  uniformly  oovered 
wexl  obstacles  9-15  in  high) 
residential  suburbs,  small 
towns,  wordland  sorub,  eto. 

0.2b 

430 

0.015 

Terrain  with  large  end 
irregular  objeotai  oentres  at 
large  oities,  broken  oountzy 
with  windbreaks  of  tall  trees 
eto. 

0.40 

5€0 

0.050 
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I  ii  the  ju rfsoe  drag  ooaffloient  referred  to  a  height  of  10  aetrea. 
lagmol&a  ah tar  atrcaa.  • 


X  a  X  whara  a. 


ia  tha 


The  gradient  height  la  defined  aa  that  at  whioh  tha  wind  ia  fraa  of  tha  aarth'a  frictional 
influanoa,  Baoauaa  of  tha  drag  of  tha  aarth'a  aurfaoa  tha  vied  diraotdoc  doao  not  rsssain  oonatant 
mil  haight  but  veers  a way  fro*  tha  oantra  of  depreasion  aa  tha  haight  increases.  A  thaoratioal 
analysis  by  Ihaan  auggaata  that  for  the^i^r  oantra"  terrain  thia  raar  oould  bo  aa  muoh  aa  45  dagraaa 
but  aaa  aurMent  auggaat  that  tha  aotual  raar  My  ba  somewhat  laaa  than  ita  thaoratioal  talua. 


Zha  fluotuationa  of  windapaad  due  to  tuAuleaoe  are  expressed  aa  power  apeotra.  Tor  longitudinal 
turbulence  a  nomaliaed  turbulenoe  apaotrua  ia  used  whioh  ia  aaaunad  independent  of  height,  wind 
apaad  std  terrain  roughness.  This  atandard  apaotrua*  in  tha  form  auggastad  by  Harriet  ia 


n  X 

T*7-‘  4  (2o,),/" 


where 


and 


n  ia  the  frequency 

Stt  (a)  ia  tha  power  apaotral  danaity  function  of  the  \ mgl tadlwal  awf  mail  ef  twrtnilanaaa 

X  ia  tha  aurfaoa  roughneaa  ooaffloiant  of  tha  terrain  (tee  Table  1 ) 

f,0  ia  tha  naan  windapaad  at  height  10  rntrea 

X  „  “i  ,  whara  L  1a  an  arbitrary  length  to  whioh  Davenport  assigned  a  value  of 
fit 


1200  a. 


Tha  above  expression  yialda  the  varlanoa 


0* 


w 


/  .  6.7  1 


•  •  • 


(3) 


and  ooehining  thia  with  tha  axpreaaioc  far  the  power  lew  profile  yield#  the  profile  for  the 
turbulence  intensity- 

ojA,  -  2.58  J  ...  (4)  * 

end  far  the  integral  length  coals  of  tha  turbulent* 

CtJ*  «  100^  Mtree  ...  (5) 

The  above  data  relate  to  the  pro  partis#  of  the  turbulanoa  and  aaan  windapaad  at  a  point  in 
space.  Tha  deelgp  analyaea  for  structures  require  a  knowledge  of  tha  epetial  oorrelationa  of  tha 
turbulence,  and  pnrtioularly  of  tha  lataral  and  vertioal  correlations  of  tha  longitudinaLl  ooaponsnta 

of  turbulanoa  (ly  and  !»*).  Xaaaurawanta  of  tha  vertioal  eoalee  of  tha  longitudinal  (l“)  and  of 
tha  lataral  (L*)  oowpoaanta  of  tha  turbulence  in  open  country  reported  by  Harris  gave*  valuae  of 
l“  ■  60  a  and  72  a  approadnately  at  height#  of  100  end  180  a  reapaotivaly.  The  valuae  of  1*  at 

oerreaponding  heights  were  29  a  end  34  a.  Alternatively  the  epetial  oorrelatian  any  be  expressed  by 
tha  coherence,  whioh  ia  baaed  on  tha  normalised  oroea-Ocrreletlon  apaotral  danaity  function  for 
individual  wave  numbers.  If  we  ignore  the  out— of -phase  oaeponeet  of  the  oroaa-apaotra. 


i 


&  (tinA) 


•  a  « 


(6) 


•the  relation  (2)  is  vary  similar  to  tha  form  suggested  by  von  Karmen  to  deeorlbe  isotropdo  turbulanoa. 
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and,  assuming  homogeneous  turbulenoe, 

and  henoa  rf*(s,sJn/7) 

Vooht  ja  a  ■  . .  ...  (7) 

^(..•aV*) 


For  tba  vertical  correlation  of  tha  longitudinal  ooopcmant  Davenport  baa  given  tba  following 
ralationa  showing  tha  dapandanos  of  tba  oobaranoa  on  tha  wars  number  and  tha  diatanoa  apart 

As  »  s-s'  t - 

-Jc&i  .  - 

VooEerenoe  »  a  ^  ...  (8) 

Tha  ooaffloiant  k  da panda  an  tha  rafarsnos  valcoity  uaad  and  on  tha  terrain.  With  tba 
rafaranoa  valooity  at  tha  standard  baight  of  10  aatraa  tha  availahla  information  ouggaata  that  k t6 
for  built  up  araaa  and  k  a  7*7  for  opsn  oountry. 


Moat  da sign  prooaduraa  far  buildings  and  atruotura#  ara  baaad  on  tima-avaraged  wind  loads 
oaloulatsd  using  daaiga  wind  apwada  whioh  are  tha  aaiinm  wind  speeds  avaragad  over  a  spaoifiad  short 
period  of  tine  whisk  ara  acBsidarad  likely  to  oaawr  at  tha  alta.  This  period  ay  vary  fire* 
a  faa  saoanda  to  aevtral  ainutas  but  ia  always  auoh  ahortar  than  tha  minlnm  of  20  minutea  required 
for  ataoapberio  winds  to  beocme  quasi -stationary  in  oharaotar  (so  that  fluotuationa  with  ttas  snalss 
laas  than  20  ainutaa  oan  ba  regarded  aa  contributions  to  tha  turbulenoe).  Tba  adoption  of  a  design 
wind  spaed  baaad  on  a  period  of  laas  than  20  ainutaa  therefore  contains  an  allowanoe,  or  a  'gnat 
faotor",  whioh  takas  aoaa  aooount  of  tha  increase  in  aean  wind  speeds  of  short  duration  gusts.  The 
design  wind  loading  obtained  ia  usually  assumed  to  apply  uniformly  to  tha  whole  of  tba  atruotura  ad 
takas  no  aooount  of  the  inooharenoe  of  tha  wind  speed  along  tha  length  of  a  horizontal  (or  vertioal) 
atruotura  of  length  auoh  greater  than  tha  lateral  (or  vertloel) scale  of  tha  longitudinal  components 
of  tha  turbulenoe.  This  inooharenoe  results  in  aoaa  reduction  of  the  total  wind  loading  whan  the 
dtsign  wind  speed  ia  baaad  on  a  ah art-duration  gust  period.  However,  tha  turbulenoe  also  sffeota  tha 
wind  force  and  pressure  coefficients  through  changes  in  tha  aean  airflow.  In  tba  following  discussion 
of  these  effects  the  coefficient  are  referred  to  tha  mean  wind  speed  averaged  over  a  long  period  of 
time. 


be  arson'’  has  examined  tha  influenoe  of  intensity  vfvf  and  scale  of  turbulenoe  on  tba 
baas  pressures  behind  a  series  of  flat  plates  of  snail  aspeot  ratio  set  normal  to  the  streaa.  For  a 

L*  n 

range  of  tha  produo t  — -  .  —  from  0  to  0.09  (share  A  is  tha  area  of  tha  puts)  tha  baas 
k  7 

pressure  coefficients  all  collapsed  on  to  one  ourve  with  a  marlnom  inorease  of  tha  baas  'underpressure* 
ooaffloiant  [-C  J  of  about  30  percent,  whioh  represented  an  overall  drag  coefficient  increase  of 

about  10  percent. 


The  influenoe  of  turbulenoe  oo  the  base  pressure  coefficients  on  a  long  square  section  prlaa^  la 
shown  ia  Figure  t.  Tba  vary  large  reduction  in  tha  value  of  [-C  J  in  turbulent  winds  it  attributed 


to  tba  turbulenoe  la  tba  approaching  stream  causing  the  shear  layers  te  re-atteoh  on  tha  tide  faoes 
before  aa  pare  ting  again  at  the  corner*.  The  difference*  in  [-C  _^]  at  t.e  loa  incidence  represent 

reduo tl one  of  about  30  percent  in  tha  drag;  this  reduoticm,  however,  ia  not  maintain  Kt  tbs 
higher  inoli  attorns,  when  raattaobaaat  of  the  separated  shear  layers  cannot  ooour.  Aooompaqying  tha 
obetgea  in  ware  marked  reduo tions  in  tha  fluctuating  lift  ooaffloiant  (a  measure  of 

aerodynamic  excitation  due  to  vortex  shedding)  and  in  its  a  pansies  correlation  length,  kccept  for 
vary  slander  buildings  {fi/t  >10)  tha  reduo ti<v»  tr  the  msec  drag  coefficients  ware  not  apparent 

in  tba  remits  of  tests  on  reotangular  build  ^  hem  in  Fig.  2,  tba  maw  drag  coefficients  found 
in  smooth  fl«r  for  tba  square  seotioc  blocks  (V^>  a  1 .0)  osb  be  compared  with  these  in  turbulent  floe, 
far  whioh  the  in  tv- ally  was  about  10  percent  madtharaftiemafthe  longitudinal  mod  lateral  eoalea  of  tha 

longitudinal  o  cm  pecan  ta  to  tha  width  sera  given  by  3  ■  4  and  »  1.3  respectively.  The  — - 

diagram  also  auggasta  that  for  tha  vary  lorn  kaynolda  numbers  at  which  the  tea's  were  oarriad  out, 
turbulenoe  does  not  reduo e  tha  drag  of  oiroular  0,-lindere. 


Tba  influence  of  turbulenoe  cm  tha  airflow  over  a  circular  cylinder  would  ba  expected  to  b<  moat 
marked  near  tha  oritioal  Uynolds  number.  fW  t  ia  supported  by  tha  results  presented  in  Fig.  3  in 
which  tha  oritioal  kaynolda  number  la  shown  to  d  tore  see  progrejaively  aa  tba  intensity  of  turbulenoe 

increases.  Beaman^  has  uaad  tba  results  of  Fig.  3  to  shoe  that  tha  oritioal  ksynolda  number  for  a 
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two-dinaneionel  cylinder  is  a  function  of  a  turbulenoe  psraaetsr 


5 


f/D  \,/f 

r  Wu ) 


(sac  Fig.  4).  For 


this  purpose  the  critical  Eaynolds  number  v'a  dafinad  as  ttaa  Eaynolds  number  at  whioh  the  value  of 
Cp  falls  to  avid  sue  a  for  ascassx.  *  tna  ifluenoe  of  turbulence  on  three-dimensional  cylinders 


(a,g.  ohimney  i tanks)  is  soanty.  The  results  of  Fig.  5  suggest  that  turbu.  uoe  produces  saee  reduc¬ 
tion  In  the  overall  drag  coefficient  even  at  auoh  higher  Eaynolds  numbers  in  the  tranaoritical 


range. 


In  addition  to  the  turbulence  properties  of  atnosphsrio  winds  the  variation  of  mean  wind  speed 
with  height  ay  have  a  narked,  inf'teno*  on  the  pressure  distributions  and  on  the  overtoil  forces  due 
to  wind.  In  eoet  of  the  wind-tunnel  investigations  whioh  have  been  oarried  nut  with  a  wind  profile 
the  profile  hoa  been  produced  by  a  grid  of  rods  or  by  surfao*  roughness.  Since  both  of  these 
aethods  also  introduce  turbulenoe  it  ie  difficult  to  assess  the  separata  influences  of  turbulenoe  and 
profile.  The  pressure  distributions  on  the  walla  and  roofs  at  low-rise  buildings  in  simulated 
ateoapherio  sheer  flows  are  dependent  on  the  flow  characteristic*  and  are  often  aarkedly  different 
fro*  those  obtained  in  aaooth  unifora  flow.  In  particular  the  very  high  underpressures  often  found 
on  lew- pitched  roofs  In  saooth  uniform  flow  are  reduced  in  the  etnospherio  shear  flow  and  this 
reduction  appears  to  be  in  pert  due  to  the  profile  and  in  part  due  to  the  turbulenoe.  For  sone  teats 

8 

on  high-rise  building  blocks  Bains s  produced  s  profile  using  ourved  screens  with  a ana# quant  little 
increase  in  the  turbulenoe.  hath  this  arrangement  he  found  that  tha  surface  pressures*  along  the 
oentre-line  of  the  windward  taro*  increased  with  height  as  the  square  of  the  winds peed  at  the  looal 
height.  The  underpressure  on  the  leeward  face  remained  constant  with  height  at  a  value  determined 
by  the  pressure  over  the  roof,  the  overall  dreg  and  overturning  moment  are,  as  ooeffioiants  of  a 
building  would  he  expected,  less  in  gradient  than  in  uniform  winds  if  the  refer snoe  wind  apeeu  is 
taken  as  that  at  the  top  of  the  building,  typio&l  and  the  reductions  for  a  rectangular  building 
133  *  (high)  by  70  n  by  21  n  shown  below  (the  referenoe  area  and  height  are  the  area  of  the  wide  faoe 
and  the  total  height) 


find  normal  to 
a  wide  faoe 

Wind  normal  to  a 
narrow  faoe 

S 

s 

s 

'll 

Smooth 

Uniform 

flow 

1.25 

0.62 

0.29 

0.17 

Turbulent 
shear  floe 

o.» 

t  ’ 

0.19 

0.12 

hsaeur onsets  of  the  pressure  distribution*  around  oo cling  tower*  in  smooth  uniform  flew  and  in 
turbulent  shear  flow  show  reductions  in  the  peak  underpressure  st  the  sides  and  in  the  base  undei^- 
pre sauce  in  both  eub&rltioal  and  supercritical  airflows. 

The  Taristior.  along  the  height  of  the  ratio  of  the  s  motions!  drag  coefficient  at  looal  height  to 
that  at  mid-height  shown  in  Fig.  3,  ie  of  same  interest.  It  shows  s  reduotian  of  the  drag  ooeffioiants 
ty  shout  13  percent  when  turbulenoe  of  shout  6  percent  is  introduced  into  the  streets,  and  also 
considerable  aac- uniformity  in  the  distribution  of  drag,  with  a  sharp  peak  near  the  top  of  tha  stack, 
this  peak  on  a  plot  Is,  a*  would  be  expected,  much  higher  In  th*  gradient  than  in  the 

uniform  wind. 


P»  Prnptc  MlOMI  Hwitele  SUvofarcs  to  the  Direct  Forcing  Action  of  hendonl*  Fluctuating 

fain  i 

In  this  section  we  ere  concerned  only  with  the  direot  forcing  if  an  elastio  structure  by  th* 
random  fluctuation*  of  the  drag  farces  due  to  turbulent  wind*.  The  response  of  flexible  structures 
te  eqy  Inherent  aerodynamic  instability  asthenias  will  b.  dismissed  in  the  next  section,  both  of 
these  oscillatory  response  problems  have  became  increasingly  important  with  the  adoption  of  modern 
methods  of  fabrication  which  have  led  to  lighter  structures  with  less  inherent  structural  damping,  and 
also  with  ti  tendency  hetrnOd  teller  and  acre  slender  structure;  than  hitherto. 


•'Pressure*  in  this  oontext  defines  the  difference  between  the  pressure  or  the  surface  and  the  static 
pressure  of  the  approaching  wind.  Then  this  is  negative  it  is  referred  to  as  an  underpressure. 
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Because  we  are  now  dealing  with  the  random  properties  of  tui'  -llenoe  we  are  concerned  with  the 
statist' cal  averages  of  both  the  input  exoitation  and  the  output  deflection  response,  the  wind 
foroe  on  the  structure  will  have  a  mean  and  a  fluctuating  component  and  the  response  will  also  be 
time -dependent. 


tiilfcACfMCNj 


F&)«  P 

<$(t)  «  4  +• 

fig,  (o 


For  the  simple  linear  sin/-1* degree-of- freedom  system  shown  in  Fig.  6,  the  dlfferputiiil 
equation  of  notation  is 


m$  +  oQ  ♦  kQ  -  P(t)  ...  (9) 

from  share  we  oan  separate  a  time-average  response  jj  =  P/k  and  for  the  fluctuating  oomponent 
write 


mq  +  o3j  +  Icq  =  p(t) 

If  p(t)  oan  be  expressed  in  terms  of  a  spectral  density  function  B?  in)  suoh  that 


p(0*  »  f  3^ (n)  dr. 

o 

the  response  is  given  in  terms  of  another  spectral  density  function  s'Hn) 


...  (10) 


...  (ii : 


q(t)*  »  f  S,(n) 


dr. 


J 

o 


1  f 

m  —  j  l.H(n)|*  .  ^(n)  •  in 

k*  j 


...  (12’' 


»*(")  ■  “  lH(n)|*  tP (n)  ...  (13) 

k* 

where  jH(nj|*  ie  the  transfer  furotion  between  the  pow.r  spectral  density  functions  for  q(t)  and 
p(t)  and  iatanMitha  structural  sdmittanos.  For  the  system  of  Fig.  6 


|H(r.)|‘ 


i  *  *  I*  n  i 

L  '  n*  /  j  ''n,/ 


...  (14) 


•here  tv,  »»-(-,  the  natural  frequency  and  4  •  * 

*  e 


o  via 

An  expression  for  the  fluctuating  fores  an  »  small  area  1  Is 


the  critical  lumping  ratio. 


tV  A* 

P(t)  .  i  p  V(t)*  1  C.  .  f  —  .  —  .  c 

it  V  " 


...  (15) 
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T  P 


3P(n) 


f 


4  . 


tans  C  and  the  terms  in  u(t)8 

SB 

this  j-ilds 

...  (l6) 

u(t) 

...  (17) 

speotrum 

•  SU(n) 

...  (ifi) 

The  expression  is  valid  only  for  a  "point"  ares  she  re  the  turbulenoe  scales  are  suoh  greater 
than  the  typioal  disie^sion  of  the  body  for  the  r.oro  practical  case  where  the  vtimensicns  of  the 

structure  and  the  turbulenoe  scales  are  of  the  same  order  Davenport^  ir.troduoes  a  factor  !jf(n)|* 
termed  the  "aero-ynamio  admittance" ,  so  that 


rf(n)  -  4  Iy(n)|*  3°(n)  .  _ 

V 


...  (i$) 


U'(n)l*  is  &  function  of  nj/V  and  jr-,  where  D  is  a  linear  dimension  of  the  body,  and  for  either 

X 

n  or  D  equal  to  sero  i;f(n)|8  =  1.  Combining  equation  (13)  with  equation  (l3)  tne  power  speotrum 
of  the  response  becomes 


3%)  .  4  jh,.  /  |x(n)|2  2-  .  Su 


,3 

k  V 


V) 


...  (20) 


5* 


or  in  a  normalised  form 


4  |K(n) P  |y(n)!4  —  .  SU(n) 


a  8q(n)  a  r’*(n) 

=  4  |K(n)|'  !x(n) [*  - j — 

72  »t* 


...  (21) 


The  prooodure  for  obtaining  the  power  spoooral  dens' ty  function  ^(n)  is  illustrated  by  Fig.  7, 
Then  the  variance  of  the  deii  otion 


,<12 


S^(n)  •  dn 


=  j  n  ^(n)  4  log(n) 

ie  given  by  the  area  under  the  ourve  of  Tig.  7(e). 


...  (22) 


If  the  probability  distribution  funotion  is  known  or  oan  be  assumed  (e.g,  a  gauasian  distribution 
ie  usually  assumed),  further  statistical  information  of  interest  to  struct  ral  designers  oan  be 
derived,  including  the  number  of  times  "he  dofleotion  q(t)  exceeds  a  specified  value  in  a  presoribed 
period  of  time,  and  the  maximum  value  of  q(t)  in  a  presoribed  period  of  time. 

A  main  problem  in  the  calculation  of  the  response  by  this  method  is  that  'if  evaluating  the 
aerodynamio  admittance  i*(n) | ’ ,  For  large  buildings  the  lateral  and  vertioal  scales  of  longitudinal 
components  of  the  turbulenoe  have  a  marked  influence  on  the  aerodynamio  admittance.  There  is  little 

theoretical  analysis  applicable,  but  for  flat  plates  normal  to  the  airstreao  Viokery10  has  had  some 
suooees  with  a  "lattioe"  model,  in  whioh  it  is  assumed  that  the  plate  is  oomposed  of  a  uniform  lattice 
grid  with  members  of  small  width  compared  with  the  smallest  wavelength  of  the  velooity  fluctuation  of 
interest,  and  a  mesh  spaoing  large  compared  with  the  width  of  the  members.  It  also  assumes  that  the 
presence  of  the  plate  does  not  influence  the  velooity  of  the  airstream  approaching  the  individual 
members  of  t..a  "lattioe".  The  foroe  on  air  element  of  the  iattioe  in  time  dependent  flow  is  written 
(equation  15) 

d  V(t)  A* 

P(t)  .  *  p  V(t)2  A  C  +  p . -  .  C  ...  (23) 

at  d  m 


A 
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wr.era  D  is  a  body  dimension 

A  is  a  reference  area  for  the  Virtual  mass  an-  ch*  drag  coefficients,  srd  C^, 

respectively. 

Vickery's  analysis  then  gives 


r  4x*  C  /  d3  \i  -i  1  re 

i*l*  =  1  1  + - ?(  -  )  -  //  *  ( a,b,a)  dA  <LL  ...  (24) 

t  cD*  \  t  /  J  a*  u 

where  dA  and  dA.  are  el  events  of  area  of  the  plate  and  2U'a,b,n)  =  the  normalised 

a  ^  Su(n) 


crcafl-epeotral  density  function  of  velocity.  For  eteoaphorio  turbulenoe 


i  n  r  . 

S.U(a,b,n)  »  oxp/-7*5  -  — ~ —  coal. 4  J 


a  p 


(25) 


where  rQb  is  the  distance  between  two  velocity  measuring  points.  Vickery's  theoretical  values  cf 

!  '(n)j2  for  square  flat  plates  and  their  dependence  on  L ^/D  and  frequency  parameter  are  given  in 

Fig,  8.  Measured  and  theoretical  values  of  x(n),  together  with  the  following  eoplrioal  relationship, 
are  ccmp&red  in  Fig,  9. 


A'W  =  - - - - 

f  2rtJT.  N4/j 


...  (26) 


1  + 
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Detailed  discussion  of  the  fluctuating  forces  on  flat  plates,  and  the  results  of  more  recent 
research  at  the  NrL  are  presented  by  P.W.  Beaman*  at  this  meeting. 

The  method  outlined  above  has  been  extended  to  apply  to  simple  linear  systems  such  as  self- 
supporting  lattice  towers  but  also  to  sheetpd-in  structures  (tall buildings). 

For  code  purposes,  methods  for  determining  a  dynamic  "gust  faotor",  the  ratio  to  the  mean  wir.d- 
speed  of  the  steady  wind  speed  required  to  produce  a  statio  deflection  equal  to  the  maximum  deflection 
produced  uy  turbulent  wind,  have  been  suggested  for  the  use  of  structural  designers.  Such  gust 
factors  take  into  account  the  nature  of  the  terrain  inasmuch  as  thi-  influences  the  characteristics  of 
the  atmospheric  shear  flows,  the  fundamental  natural  frequency,  the  structured  damping,  mid  the  size 
of  the  structure.  Typically,  for  city  building  blocks  of  heights  over  60  m  and  structural  damping 
ratio  c/o0  =  0.02  the  design  wind  speed  based  or.  the  dynamic  gust  faotor  approach  mentioned  above 
would  exceed  that  based  on  a  maximum  i 0-seoond  gust  speed  using  the  statio  approach.  For  lesser 
heights  the  statio  approach  gives  more  conservative  loadings  than  the  dynamic  approaoh. 


5 .  The  Influence  of  Tu. julence  on  the  Aerodyne "do  Stability  of  Structures 

There  are  a  number  of  aerodynamic  mechanisms  which  can  excite  osoillatoiy  or  divergent 
inatabiliti  s  of  structures.  .  These  mechanisms  do  not  require  the  forcing  aotion  due  to  the  fluctua¬ 
tions  of  wind  speed  of  the  approaching  stream  but  can  oocur,  and  indeed  are  often  more  pronounoed, 
in  smooth  airflow.  Neither  is  coupling  between  two  degress  of  freedom,  as  in  the  classical  flutter 
of  aircraft  wings,  a  necessary  feature;  oaoillations  oan  be  set  up  in  a  single  degree  of  freedom 
system.  The  praoiioal  manifestation  of  such  instabilities  is  to  be  found  in  the  wind-exoited 
oscillations  of  suspension  bridges  (as,  for  example,  those  that  destroyed  the  first  Taooma  Harrows 
bridge),  in  the  araying  of  tall  ohimneys  and  buildings  in  wind,  and  in  the  galloping  motions  of 
transmission  lines.  Beoause  the  instabilities  are  present  in  smooth  airflow  most  of  the  aerodynamic 
data  aoquired  and  used  in  the  past  for  their  prediction  has  been  determined  from  investigations  in 
wind  tunnels  will  smooth  airflow.  Because  the  shapes  are  aerodynamioally  bluff,  theoretical  estimates 
of  the  exciting  wind  forcus  are  not  available,  and  the  data  from  experimental  investigations  are 
inadequate  to  cover  all  the  variations  of  shape,  size,  aspect  ratio,  frequency,  amplitude,  Reynolds 
number  and  o.  .racteristics  of  the  shear  flow,  on  whioh  the  excitation  depends.  Thus  for  the  design  of 
apeoifio  structures  suspect  to  aerodynamio  instabilities,  the  most  reliable  predictions  cf  the  wind- 
excited  oaoillations  ere  made  with  the  aid  of  a  wind-tunnel  tests  of  aeroelastio  models  in  airflows 
of  appropriate  characteristics  (see  Soruton^). 

’’he  influence  of  turbulence  on  the  aerodynamio  stability  of  structures  has  not  yet  been 
extensively  investigated  but  some  of  the  effects  found  ars  mentioned  below. 


♦Paper  No.  24  "Fluctuating  foroes  on  bluff  bodies  in  turbulent  flow"  by  P.W,  Bearman. 
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Th»  two  types  of  aerodynamic  exciting  mechanisms  most  commonly  experienced  are  the  vortex 
end  the  galloping  excitation*.  The  former  arise a  from  the  periodio  discharge  of  vcrtioee  alternately 
from  eaoh  aide  of  a  bluff  body  wbioh  give  rise  to  alternating  cross-wind  foroea  (frequently  referred 
to  as  "lift  foroee")  to  whioh  a  flexible  atruoture  will  respond  by  oscillating  in  a  oross-wind 
direction,  and  the  response  will  be  particular  large  when  the  predominant  frequency  of  vortex  shedding 
ooinoidee  with  a  structural  natural  frequency.  The  galloping  type  excitation  depends  on  the 
deatab Hieing  character  of  the  variation  of  the  mean  (time-average)  wind  foroee  with  incidence  and 
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oan  occur  when  the  lift  slope  is  negative  .  For  a-'.ll  amplitude  oscillations  the  criterion  for 
galloping  type  instability  ie 


d  CL 

—  ♦  Cjj  <  0  ...  (27) 

d>2 

As  for  vortex-induced  motions  the  displacements  far  gauU. opiag-induo ed  osedllatiana  are  in  the  cross- 
wind  direction;  there  ia  little  to  distinguish  the  osoillaticna  arising  from  the  two  type#  of 
excitation  except  perhaps  tbs  greater  violence  of  those  due  to  the  latter.  When  the  motion  is  simple 
haraonio,  the  aerodynamic  exaltation  is  conveniently  measured  in  terms  of  an  aerodynamic  damping 
force  per  unit  length  where  t  is  the  displacement.  Alternatively  for  vortex-induced 

osoillations  a  fluctuating  lift  coefficient  ia  sometimes  used  to  give  a  fluctuating  foroe 


F  =  i  p  V*  3  sin  2*  St 


...  (28) 


where  N  ie  the  frequency  at  the  osoillation.  The-e  is  a  simple  relationship  between  the  non- 
/  K 

dimensional  form  of  l  k  ■  — —  )  and  C.  of  the  form 
*  \  a  pHD*  /  ^ 
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where  the  value  of  o  depends  upon  the  modal  shape  of  the  osoillation,  r)#  is  the  non-dimensional 
amplitude  z0/j)t  and  is  the  reduced  velocity  V/NP,  If  the  aerodynomio  foroe  per  unit  length 

ie  spread  over  a  wide  range  of  frequencies,  the  foroe  is  given  by  its  power  spectral  density  function 

f 

8  (a)  suoh  that 
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The  effeot  of  turbulenoe  and  shear  on  the  galloping  type  excitation  will  follow  the  o hangs s  in 
the  steady  lift  and  drag  coefficients  due  to  the  ohangee  in  the  mew  flow  brought  about  by  the 
turbulenoe  and  shear.  The  influence  of  turbulenoe  on  the  galloping  osoillations  of  a  cantilevered 
square-seotion  prism  have  been  investigated  by  Novak1-  5,  He  found  that  for  the  same  mean  wind  speed  the 
amplitude  of  the  galloping  osoillations  progressively  deoreased  as  the  turbulenoe  intensity  was 
increased.  Sven  with  fairly  high  intensities  of  about  9  peroent,  however,  vigorous  large  amplitude 
osoillations  were  maintained.  In  the  tests  the  increase  in  intensity  was  associated  with  an 
increase  in  tho  soale  of  the  turbulenoe. 

The  influenoe  of  velocity  profile  on  vortex-shedding  has  not  been  studied  systematically  and 
there  are  relatively  few  investigations  of  the  Influenoe  of  turbulenoe.  Most  investigators  have  found 
that  the  introduction  of  turbulenoe  does  not  ohange  the  predominant  frequency  of  vortex  shedding  but 
does  decrease  the  spectral  peak  of  the  exoiting  forces  found  at  the  Strouhal  frequency  and  in  general 
broadens  the  bandwidth  of  the  vortex  shedding  frequencies.  An  exception  to  this  comes  from  the  work 
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of  Beannsn  who  measured  Strouhal  numbers  of  vortex  shedding  from  a  oiroular  oylinder  in  smooth  and 
turbulent  airstreama  for  Reynolds  numbers  spanning  the  oritioal  Reynolds  number.  The  results  are 
shown  in  Fig.  10.  The  introduction  of  turbulenoe  lowered  the  value  of  the  sritioal  Reynolds  number. 

For  the  smooth  and  the  turbulent  airflow  at  sub-oritioal  Reynolds  numbers  the  Strouhal  number  S  a  0.2 
but  at  the  supercritical  values  the  Strouhal  numbers  differed,  reaching  O.U£  and  0.32  respectively. 

In  both  oases  the  bandwidtha  of  the  epeotra  of  veloolties  in  the  woke  of  the  oylinder  were  increased 
and  the  peak  was  reduced  in  going  from  sub-oritioal  to  superoritioal  values  of  the  Reynolds  number- 
In  measurements  of  the  spectra  of  the  lift  foroe  fluctuations  in  turbulent  flow  on  rectangular  prisms 

of  various  aspect  ratios  Viokery^  found  that  wnen  the  breadth/depth  ratio  exceeded  1  a  predominant 
frequency  of  vortex  shedding  was  evident  while  with  the  ratio  less  than  unity  the  lift  fluctuations 
corresponded  more  closely  to  the  broad  spectrum  o"  the  turbulenoe  velocity. 

Measurements  of  the  exoitation  in  turbulent  airstreama  show  the  same  tender  he  observations 
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of  Strouhal  number  end  of  wake  velocities.  For  •  long  squar*  prl«  Vickery'  found  that  the 
fluctuating  left  aoeffioieat  Cj  reduoed  from  1.32  in  smooth  flow  to  0,68  in  turbulent  flow  of  0,10 

intensity  and  L^/P  *  1 ;  and  the  correlation  length  reduoed  fro*  5*6J>  to  3,30,  ft*  above  measurements 

were  carried  out  an  stationary  models.  Oscillatory  notion  of  the  models  has  been  shoes  to  interaot 
with  the  vortex-shedding  sod  thus  to  inorease  the  vortex-exaltation.  2t  is  of  interest,  therefore, 
to  examine  the  effeots  of  turbulence  on  the  response  of  o  so  dilatory  models.  Fig.  11  gives  the 
response  amplitudes  of  a  node!  etaolc  in  smooth  and  in  turbulent  flows  in  each  oaa*  for  the  wind  speed 
whloh  yielded  the  maximum  amplitude.  These  maximum  amplitudes  occurred  at  7  *  6.4  and  V  .*  4,9 
in  smooth  and  in  turbulent  flows  respectively  and,  for  a  specific  value  of  the  structural  lisping, 
the  amplitudes  were  greater  in  the  turbulent  winds.  The  result  is  oontrazy  to  what  would  have  been 
expected  from  the  reduction  in  the  peak  of  the  lift  ooeffioient  epeotrsm  found  in  turbulent  winds, 
end  indicates  that  the  motion  influenced  the  regularity  and  strength  of  the  vortex  shedding,  Similar 
inorease  of  the  cross-wind  amplitudes  in  turbulent  flow  and  ocapared  with  those  in  smooth  flow  have 
been  observed  in  other  investigations  concerning  oiroular  section  structures,  but  the  changes  in  the 
reduoed  velocity  for  maximum  amplitude  have  not  always  been  in  the  same  direotion. 

Fig.  1 2  shows  the  amplitude  response  of  a  model  of  a  aquare-seotion  building  blook  to  a  snoot h 
and  turbulent  airflows  with  no  shear  the  oross-wind  response  in  smooth  airflow  shows  the  peaked 
characteristics  typioal  of  narrow  band  excitation.  There  was  negligible  response  in  the  in-wind 
direotion.  In  the  turbulent  airflow  the  amplitude  responses  in  both  oharaoter  and  the  »•*)***?  amplitude 
steadily  inoreased  with  wind  speed.  The  amplitude  in  the  oross-wind  direction  was  three  to  four  times 
greeter  than  that  in  the  wind  direction.  While  there  is  some  evidence  to  suggest  that  the  in-«ind 
amplitudes  could  have  beer,  satisfactorily  estimated  by  the  methods  outlined  in  the  previous  seotian, 
the  dapezittscice  of  the  cross-wind  excitation  on  the  ohoraoteristias  of  the  wake  preoludes  suooessful 
attempts  at  calculation  of  r.ne  oross-wind  amplitudes  until  more  information  cf  the  fluctuating 
lateral  forces  on  building  shapes  in  turbulent  flow  is  available.  At  present  the  most  reliable 
estijaetje  cf  cress-wind  taplitudss  are  made  free  tests  of  aereelaatio  models  in  airflows  simulating 
tne  appropriate  oharaoteri»tio  of  atmospheric  shear  flows. 


6.  Dispersal  of  Air  Pollutants 

The  properties  of  atmospheric  shear  flows  play  an  essential  part  in  the  dispersion  of  gaseous  (or 
particulate)  pollutants  in  the  atmosphere  suoh  as  arise  in  the  dieoharge  of  the  effluent  plumes  from 
industrial  snoke  staoks.  When  ths  plume  source  is  close  to  buildings,  or  in  a  valley,  °r  olose  to 
an  esoarpmsnt,  the  local  airflow  will  dominate  the  dispersal  of  th»  plume,  and  in  general  recourse 
must  be  made  to  wind-tunnel  experiment  to  provide  estimates  of  tic  s-ieulting  looal  pollution.  Suoh 
model  experiment  should  reproduce  geometric  similarity,  similarity  of  the  wind  shear  and  turbulence 
of  the  approaching  stream,  end  equivalence  of  certain  similarity  parameters  concerning  plume  buoyancy 
and  efflux  velocity. 


Analytical  methods  ttclfft  imr  determining  ths  gas  concentrations  arising  from  plumes  from  single 
staoks  surrounded  by  flat  open  ground.  The  calculation  is  in  two  parts.  The  first  involves  the 
estimate  of  on  effeotive  height  of  the  emission  by  the  use  of  one  of  nary  plume  rise  formulae  which 
have  been  suggested,  in  reoent  years.  A  recommended  formula,  applicable  to  neutral  or  near  neutral 
conditions  la 
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Ah  is  the  j>lume  rise  to  give  an  emission  height.  H 


...  (31) 


H  «  h  +  Ah 


where  h  is  the  height  of  the  ohimney 


and 


^  is  the  heat  eminsion  rate  in  cal /a 
V  is  ths  iasan  wind  speed  in  m/a 


the  gas  concentration  at  a  point  (x,y,z)  is  oaloulated  by  one  of  the  several  dispersion  formulae,  the 
most  widely  used  of  whioh  in  that  due  to  Sutton; 
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At  ground  level  *  ■  O  end. 
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Shis  is  a  maximum  when  y  =  Q,  i  »  ^  where 
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and 
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In  tea  above  aquation 

C  is  th*  gas  concentration,  maas/unit  volume 
^  ness  ■aiscion  rats  of  tha  gas 

x,y,  i  spaos  (coordinates,  origin  at  point  of  emission,  y  cross-wind,  and  s  vertioal 
n  a  diffusion  oosffioisnt  related  to  the  wind  profile  exponent  a  -  n/(2-n) 


and  C  are  diffusion  ooaffloients  dependent  on  the  kinematic  viscosity,  the  mean  velocity 
*nd*th*  intensity  of  turbulenoa  of  the  lateral  and  vertioal  components  respectively 


and  Ca  for  different  stability  oatagories  are  available.  For  the  calculation  of  the 

■■'d™  concentration  at  ground  level  Reference  16  reoaonends  for  half-hour  sampling  times. 


Stability 

eye 

_5Li 

Moderately  unstable 

0.9 

Neutral 

0.7 

Moderately  stable 

0.5 

Ehe  formulae  are  not  suitable  for  inversion  or  highly  unstable  conditions. 


7.  Shelter  and  Wind  Environment 

Although  there  is  little  information  either  from  wind-tunnel  investigations  or  from  field 
observations  of  the  influence  of  shear  flowe  on  the  shelter  afforded  by  fences,  soreens,  hedgerows, 
etc.  that  wh’uh  is  available  (e.g.  reference  17)  suggests  that  considerable  differences  in  the  degrees 
of  shelter  are  to  be  found  in  turbulent  shear  flow  as  compared  with  those  in  a  smooth  uniform  flow. 

In  wind-tunnel  tests  of  shelter  effects  it  is  therefore  neoesaary  to  reproduoe  the  oharaoteri sties 
of  atanoapherlo  shear  flows. 

Instances  of  the  unpleasantly  high  and  gusty  wind  conditions  which  oan  be  produced  in  an.,  near 
building  complexes,  and  especially  near  the  bases  of  tall  rectangular  building  blocks,  are  frequently 
reported.  Low-rise  buildings  often  provide  some  measure  of  protection  against  the  ambient  wind  but 
wind  speed  of  approaohing  winds  oan  be  considerably  increased  at  ground  level  near  the  windward  and 
side  faoss  of  tall  slab-like  building  blocks.  This  is  due  to  the  wind  speed  gradient  produoir.g  a 
corresponding  gradient  of  pressure  on  the  windward  faoe,  and  the  downward  flow  whioh  results  forms  a 
frontal  vortex  ?t  the  base  of  the  windward  faoe  whioh  swaps  away  round  the  sides  of  the  buildings. 

The  high  wind  speeds  near  the  windward  and  side  f aoes  may  be  increased  still  further  by  the 
presenoe  of  near  by  buildings  and  wind  speeds  up  to  50  peroent  higher  than  those  of  the  approaohing 
wind  oan  result.  This  problem  and  the  associated  problems  oonoeming  the  ventilation  of  buildings 
end  building  ocmplsxss  oan  be  inv»  ^ gated  in  wind-tunnels  in  whioh,  of  course,  it  is  essential,  to 
reproduce  the  shoar  properti*-  j.  the  approaohing  winds  and  also  the  local  topography  and  building 
environment.  It  is  usually  difficult  to  suggest  ourativs  measures;  any  canopy  at  first  or  seoond 
floor  level  to  stop  the  downflow  has  to  beef  large  arse  to  be  effective,  and  where  presentative  measures 
have  been  successful  there  have  been  complaints  of  aivleaaness  and  laok  of  ventilation  on  days  of 
light  winds. 


3, 


Concluding  3emark» 

This  paper  ha a  attempted  to  review  briefly  the  present  position  in  the  study  of  problems  concerned 
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with  th»  influence  of  atmospheric  sheer  flows  on  Industrial  projeots.  la  suoh  it  hae  been  confined 
to  wind  effects  on  buildings  and  structures  and  to  aspects  of  warned a  environment  influenced  by 
atmospheric  winds.  No  discussion  has  been  offered  on  the  relation  of  atmospheric  shear  flans  to 
natural  phenomena  which  influenoe  our  environment  suoh  as  water  evaporation  and  transport  of  water 
vapour,  soil  erosion,  and  snow  and  sand  drifting. 

Muon  further  research  and  investigation  are  needed  before  will  be  poseible  to  prediot  tbs 
behaviour  of  a  structure  in  wind  without  recourse  to  wind-tunnel  tests.  She  meteorologist  onset 
provide  more  detailed  information  of  the  structure  of  the  wind  in  the  earth's  boundary  layer  and  of 
the  effeots  of  terrain;  there  is  for  instance  an  a out®  lack  of  data  on  wind  over  oities,  in  wfeidb 
most  building  takes  place.  The  aerodynamioists  must  acquire  e  better  understanding  of  the  flows 
around  the  aerodynamioally  bluff  structural  shapes  in  turbulent  winds  and  of  the  time -dependant 
pressures  and  forces  which  result. 
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FIG .7.  The  spectre!  qpprooch  to  the  determination  of  the  response  of  a 
flexible  structure  to  turbulent  airflow  (after  Davenport). 


FLUCTUATING  FORCES  ON  BLUFF  BODIES  IN  TURBULENT  FLCV 


by 


B.W.Bearnan 


National  Physical  Laboratory, 
Teddington,  Middlesex,  ihglalrid 


This  paper  describes  an  investigation  into  the  effect  of  turbulence  on  iixe  fluctuating  draft 
forces  experienced  on  a  series  of  square  plates  set  normal  to  a  uniform  turbulent  floe.  The  oxperi- 
iMnta  were  performed  as  part  of  a  research  programme  to  examine  the  influence  of  atmospheric  turbu¬ 
lence  on  the  response  of  flexible  buildings  and  structures.  Power  apeotral  density  measurements  of 
the  fluctuating  component  of  the  drag  on  square  plates  in  turbulent  flow  are  preeonted.  The  measure¬ 
ments  show  the  importance  o.  he  ratio  of  turbulence  *.i&le  +o  plate  size.  There  is  shown  to  be  a 
strong  correlation  betssoa  the  fluctuating  drag  foros  and  the  velocity  fluctuations  in  the  approaoh- 
ing  flow.  Measurements  of  aer "dynamic  admittance  are  presented  to  show  the  form  of  this  function 
and  to  show  how  it  varies  with  change  of  the  ratio  of  turbr’  cnee  scale  to  plate  size,  finally,  the 
effect  of  the  body  on  the  turbulenoe  is  considered  and  there  is  a  discussion  on  how  the  iurbulano*  is 
distorted  as  it  is  swept  past  a  plate. 


FI-- tuatlr.it  Forosa  or.  Bluff  In  -  -.rbn’  ;>nt  Flow 


P.W„  Beaman* 

National  Physical  Labo;*atcry, 
Teddington,  Middlesex,  England 


1 .  Introdaotion 

Under  strong  wind  conditions  the  flow  approaching  buildings  and  structures  is  highly  turbulent 
and  a  turbulent  wind  will  induce  a  random  exciting  force  which  could  set  a  flexible  structure  into 
some  mode  of  vibration.  In  order  to  be  able  to  dot' mine  the  response,  it  is  important  that  the 
effects  of  turbulence  on  the  flow  around  11  if  bode  “a  should  be  more  clearly  understood.  The  main 
objects  cf  this  paper  are  to  investigate  the  effect  f  turbulence  on  thi  fluctuating  d’-ag  foroes 
experienced  on  a  series  of  square  plates  set  normal  to  a  uniform  turbulent  flow  and  to  examine  the 
relationship  Between  the  approaohing  turbulent  fl«x  and  the  resulting  ^ uotoating  foroes. 

This  particular  bluff  body  shape  was  chosen  because  it  was  hoped  that  the, :  Mould  no  regular 
vortex  sledding  and  that  the  major  part  of  the  fluctuating  drag  force  would  be  directly  related  to 
the  approaohing  aurbulent  flow.  Davenport*  hc-s  suggested  the  use  of  a  frequenoy~dependent  transfer 
function,  relating  fluctuating  foroe  to  fluctuating  velooity,  oalled  aerodynamio  admittance.  Measure— 
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merits  of  the  aerodynamio  admittaaoe  of  fi<»l  plates  have  beer.  — ported  by  Wardiuw  and  Davenport  and 

Vickery'  but  agreement  between  the  two  sots  of  measurement, i  is  poor.  One  cf  the  aimB  of  the  present 
researoh  was  to  carry  out  a  mor«  dystamatic  investigation  of  aerodynamio  admittance  with  particular 
attend  on  being  paid  to  the  importance  of  the  ratio  of  turbulence  soale  to  plate  size. 

In  addition  to  the  effects  of  the  turbulenoa  on  the  plates  there  will  be  some  effeot  of  the 
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plates  on  the  stream  turbulenoe.  Hunt  has  proposed  a  theory  to  analyse  the  distortion  of  tha  turbu- 
lenoe  in  the  flow  past  a  body.  Measurements  of  the  turbulence  struoture  ahead  of  a  plate  are  discussed 
ir.  the  light  of  Hunts'  findings. 


2,  Experimental  Arrangement 

The  experiments  were  oonduoted  in  a  wind  tunnel  with  a  9ft  (2  74  m)  x  7ft  (2.13  o)  by  1 2ft  !  1.66  m) 
long  working  seotion.  A  highly  turbulent  flow  was  generated  by  the  installation  of  a  grid  at  the 
beginning  o_  the  working  seotion.  Tne  grid,  whioh  is  seer  in  figure  1 ,  was  of  the  bi-planar  type. 

It  was  oonstruoted  from  1,5  in  x  0.75  in  (3«6l  os  x  1,9  om)  wooden  slats  spanning  the  tunnel  and  the 

distanos  between  slats,  the  mesh  size  U,  was  7.5  in  (l»9  am). 

Fluctuating  drag  foroes,  or.  square  plates  of  sids  2, 3, A, 6  and  8  in  (5.08,  7.6l ,  10. l6,  15.22  and 
20.30  om),  were  sensed  by  e  s«mi -conductor  strain-gauged  balance.  The  plates  were  supported  on  a 
light,  hollow,  tapered  sting  18  in  (0.457  m)  lung  and  the  sting  was  protected  from  the  airflow  by  a 
shroud  attached  at  the  balance  end  to  the  earthing  frame  (;ee  figur>  l).  Transverse  oscillations  of 
the  sting  and  model  were  eliminated  by  plaoing  a  thin  strip  of  foam  rubber  around  the  end  of  the  sting, 

between  it  and  the  rhroud.  The  lowest  natural  frequency  of  the  balance,  with  the  sting  and  a  i.  in 

square  plate  attaohed,  nus  about  1.5  KHz.  The  whole  assembly  was  supported  on  a  massive  I-beam 
bolted  to  a  conorete  bed  beneath  the  tunnel.  Tne  support  system  was  so  positioned  as  to  plaoe  the 
plates  at  *  .33  ft  (l  .93  a)  from  the  beginning  of  the  working  seotion  (l.o.  10.1  M). 

Turbulenoa  measurements  were  made  with  a  DISA  linearized  oonstant-temperature  hot-wire  anemometer. 
Fluctuating  velooity  and  fluctuating  drag  signals  were  reoor  on  an  AMPEX  FH1300  tape  reoorder, 

These  signals  were  later  digitized  and  analysis  was  performed  on  a  KDF-9  oomputer  using  the  methods 

described  by  the  author"’. 


SxpQrlaSHt.a.1  wi  nmiftni  an 


3.1  Flaw  behind  the  turbulenoe  produ  eg  grid 

At  the  plate  position  adopted  for  the  fluctuating  drag  measurements  the  turbulence  was  investi¬ 
gated  with  a  linearized  hot-wire  anemometer.  At  a  mean  velooity  U  »  60ft/seo  (lS.3sf/seo)  the  intensity 

V  u* 

-g-  a  0.083  arid  the  longitudinal  integral  soale  of  turbulenoe  =  3  ins  (i.e.  was  of  the  t*um 

order  as  the  size  of  the  piatee  and  simulated  turbulenoe  conditions  similar  to  those  experienced  by 
large  buildings).  At  the  test  position,  over  the  area  to  be  occupied  by  the  plates,  the  mean  velooity 
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fro®  tbs  grid  tbs  turbulenoe  intensity  decreased  very  slightly  w.th  increase  -•?  tunr-el  *pe« '. . 

"peotri.  of  the  ’u*  oca>rr'~'ent  nf  turbulence,  measured  at  *w0  9 i.nri  speeds,  are  shown  ir.  figure 

3.2  Measurement  of  Fluctuating  Drag 

The  fluctuating  dreg  component  of  the  square  pianos  was  measured  over  a  range  oi  Reynolds  lumber. 
The  power  spectral  density  estimate*  of  all  the  drag  signals  are  plotted  ‘nge-thar  in  flgUi.  Shis 
graph  shows  the  power  spectral  density  estimate  of  the  fluctuating  drag  coefficient  at 

frequency  n,  plotted  as  +he  non-dimensional  quantity  where  I>  is  plate  side,  against 

the  non-dimensional  frequency  parameter  The  measurements  illustrate  tha  importance  of  the 

parameter  L ^/3,  the  ratio  of  the  integral  scale  of  turbulenoe  to  the  size  of  the  plate.  For  eaoh 
plate  size  the  results  show  little  dependence  on  Reynolds  number. 
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where  C_  is  th.e  root  mean  square  value  of  the  coefficient  of  the  fluctuating  component  of 

drag,  it  is  oirar  that  the  smallest  plate  has  the  largest  mean  square  drag  coefficient.  This  is 
primarily  because,  on  the  smaller  plates,  the  correlation  areas  of  the  energy-oontaining  eddies  of 
the  turbulenoe  are  comparatively  larger.  There  arc  two  possible  length  scales  that  could  be  used  to 
non-dimansiomlize  the  results  shown  in  figure  3,  plate  side  or  turbulenoe  soale.  The  data  are 
shown  non-dimeneionalized  by  plate  dimension  D  ana,  in  this  osse,  the  variation  of  the  parameter 
L ^/D  can  equally  well  be  thought  °  .  .  1-j.ng  due  to  a  plate  of  fiiced  size  in  a  turbulent  stream  of 

fixed  intensity  and  varying  soale.  Increasing  the  scale  of  turbulenoe,  while  the  intensity  remains 
constant,  will  have  the  effeot  of  increasing  the  power  spectral  density  at  long  wavelengths  and 
decreasing  the  power  spsotral  density  at  short  wavelengths.  This  effeot  is  maid  ,'->st  in  the  spread  of 
results  for  the  various  values  of  L  /D  (  :own  in  figure  3)  at  low  values  of  gj)  .  An  interesting 
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feature  of  the  spectra  in  figure  3  is  thr  oollapse  of  tha  data  on  to  a  single  curve  at  high  values  of 
nDA’.  Sinoe  the  data  are  non-dimensional  iz'td  by  plate  dimension  it  suggests  that,  at  these  values  of 
nG/Ur  the  drag  is  not  directly  related  to  the  approaohing  turbulenoe  spectrum  but  is,  perhaps, 
partly  related  to  wake  induced  pressure  fluctuations  on  the  rear  faoe. 

The  r.m.a.  values  of  fluctuating  drag  coefficient  are  shown  in  figure^,  plotted  against  l/D*. 

^j.oan  be  sxpsoted  that  the  fluctuating  drag  will  be  a  function  of  both  and  jp  and,  sinoe 

and  I*x  were  oonstant  in  these  experiments,  it  seemed  most  appropriate  to  plot  drag  against 

the  inverse  of  plate  arse.  As  a  comparison  the  values  of  G„  in  nominally  smooth  flow  are  shown. 

ur.tt. 8 

3.3  Discussion  of  Fluctuating  Drag  Results 

Before  diuoussing  .he  effeot  of  turbulenoe  ui  fluctuating  drag  the  simpler  oaae  of  the  drag  of  a 
body  in  a  stream  of  varying  velooity  will  be  disouased.  Ths  flow  velocity  U(t)  oan  be  desorlbef  by 
equation  (l  ) 

U(t)  -  U+u  Cl) 

where  U  ie  the  time  mean  velooity  and  u  the  fluctuating  valooity.  u  is  dlreoted  in  the  same  sens* 
aa  tha  mean  flow  and  the  fluctuations  are  assumed  to  b«  perfectly  correlated  aorosa  the  fl w,. 

Equation  (2)  (for  derivation  set  Bearman^)  shows  the  relationship  between  ths  power  spectral  density 
of  the  fluctuating  component  of  the  drag  ooeffiolent  and  the  power  epeotral  density  of  the  velooity 
of  the  approaching  unsteady  flow. 
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where  Gjj  is  the  mean  dreg  coefficient  and  is  the  coefficient  of  virtual  asss. 

Tn  turbulent  flow  equation  (2)  will  be  modified  in  some  way  by  the  vvi-nt  of  the  apaoiol 
oorrelation  of  tha  fluctuating  velooity.  Davenport'1  argues  that,  in  -wuleut  flow,  there  will  still 
0.  *  linear  relationship  between  drag  fluctuations  and  the  inoident  velooity  fluotuations  and  he  has 

termed  i>*  function  y*  (n)  where  x‘  M  *  ,  aerodynsaio  admittance.  In  the  simple 


unsteady  f i ow  ooneidered  above 


C*  ,  2wnD 


»,r 

and  at  v&*ue  a  ,»f  »er':xiyaan?  admit  tans  r  will  v:.  pro*  oh  unity, 

o 

fardlaw  ani  Davenport*  and  Viokery^  I-  ••«  messuisd  the  aerodynamic  admittance  of  flat  plateo  in 
turbulent  flow,  Following  thews  authors,  figure  b  snows  v’(n)  plotted  against  — -  for  the  f.jr 

„D 

sii’es  cl  square  plate  exaRiined  in  tills  investigation,  as  tends  to  zero,  aerodynamic.  admittance 

ris'a  to  a  value  less  than  unity.  The  simple  unsteady  theory  assumed  an  infinite  oorrelatioa  length 
for  the  fluctuating  velocity  whereas  in  turbulent  flow,  at  very  long  wavelengths,  the  correlation 
length  will  vs  of  the  earns  order  as  the  integral  soale.  Therefore  it  oan  be  argued  that  measured 

values  of  *2(n)  will  be  lees  than  unity.  At  high  values  of  w-  the  aerodynamic-  admittance  drops 

sec  o  +.  a  wt»  nf  about  1  J:dR/o«tive .  Vickery"*  suggests  that,  at  hijh  voluo:  of  ^p,  the  apaciai 

correlation  of  the  turbulenoe  decreases  rapidly  and  that  this  will  have  a  much  stronger  sffeot  on 
X*(n)  than  the  increase  in  the  drag  force  resul ting  from  tl,e  virtual  mass  contribution. 


The  measurements  of  x*(n)  made  by  Viokery^  on  a  square  plate  in  a  turbulent  flow  of  intensity 
1($  and  with  a  soale  approximately  equal  to  the  plate  size,  are  also  shewn  in  figure  5  and  aru  in 
■grscscr.t  with  the  authors’  results. 


Viokery^  has  formulated  a  theory  to  oaloulaied  the  aerodynamic  admittance  of  a  lattioe  plate 
whioh  has  individual  members  small  compared  to  the  correlation  lengths  of  the  velooity  fluctuations 
of  interest.  The  main  assumptions  are  that  the  foroe  on  a  member  oan  be  related  directly  to  the 
local  upstream  velooity  and  that,  the  correlation  of  foroe3  is  identical  to  the  lateral  correlation 

of  upstream  velocities.  For  a  square  lattioe  plate  Vickery"*  fir.ds 
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x(r,n)dx,dxjdy,dyt 


where  F(u, ,u* )(r,n)  is  the  normalized  fern  of  the  lateral  oo-speotr-M.  density  function  of  the 
longitudinal  component  of  the  onaoming  turbulent  flow.  ztyt  and  x*ys  are  the  oo-ordinates  of 

two  points  on  the  plate  surfaoe  and  r  =  i/(x»-xj)*+(y,-yt )‘, 


Viokery  further  assumed  zha.  ths  lattice  plats  theory  could  be 
showed  some  comparisons  of  theory  with  experiment.  He  measured  the 
grin  (aimiuar  to  the  one  used  In  this  Investigation)  and  fitted  his 
relation.  B 

-1.5 

F(u, ,u*)(r,n)  *  e  2*  ooe  1 .4*  ( 


applied  to  solid  plates  and 
fu  .ion  F(ui,u*)(r,n)  behind,  a 
re„  -Its  with  the  empirics1 


where 


Theoretioal  values  of  aerodynamio  admittance  have  been  oomputed  and  are  presented  in  figure  6  for  the 
values  of  L ,^/D  investigated  in  the  experiments  together  with  the  experimental  results  for  the 

extreme  values  of  L ^/E.  At  low  values  of  jp  there  is  fairly  olose  agreement  with  experiment  when 

L i  1,5  but.  for  smaller  values  of  L the  predioted  large  reduotion  in  Xa(»)  i»  not 

realised.  Hie  agreement  in  y*(n)  between  theory  and  experiment  at  high  vaiues  of  jp,  mav  be 

partly  fortuitous  beoause  the  measurements  of  the  power  speotval  density  of  driest  these  values  of 
nD 

jp,  i  -  suggested  that  the  drag  fluctuations  are  not  directly  related  to  the  upstream  velooity 
fluctuations. 


3.4  Investigation  into  the  atruoture  of  the  flow  ahead  of  the  plates 

The  ideas  disoussed  in  the  previous  seotion  sra  based  on  the  assumption  that  there  is  some 
correlation  between  the  longitudinal  component  of  the  upstream  fluctuating  velooity  and  the  fluctua¬ 
ting  drag.  To  teet  this  assumption  a  hot  wire  was  introduosd  into  the  flow  at  various  distanoea, 
x,  ahead  of  the  U  In  emiero  jil.ita.  nirn.  the  stagnation  ;*.  re  online.  Ths  flustuati ug  velocity  auu 
fluctuating  drag  signals  were  raoorded  a imul tenuously  and  later  digitized.  The  orcaa-ooirelation 

uCp 

ooeffioient  between  velooity  ard  drag  foroe,  t»^h  was  ooaputed  at  various  time  delays  and  the 

•«uS*yu!J 

results  are  r’otted  in  figure  1.  At  eaoh  position  the  maximum  correlation  uoourred  whan  the  velooity 
led  the  drag  force  and,  as  expeoted,  the  time  deity  to  atari  mum  correlation  increased  with  diatanae 
ahead  of  the  plate.  The  maximum  value  of  the  correlation  is  ab^wn  plotted  against  position  ahsad  of 
the  plate  in  figure  8.  As  i/V  tends  to  zero  the  oorrelatiw.  will  also  approach  zero  beoause  at  the 
plete  eurfaoe  the  longitudinal  oomponent  of  the  fluctuating  velooity  must  be  sero.  At  a/D  •  ^  the 


oorrelai.on  for  the  «i^x«  signal  roe*  to  the  value  O.bf.  and,  fr-.=  the  slop;  -f  tie  curve,  appears  to 
rise  even  higher  further  ahead  cf  the  plate.  The  high  "*lue  of  this  correlation  is  surprising  when 
i*  is  remembered  that  fur  this  plate  l -  0.75  w  e  "eiooity  has  only  been  measured  at  points 

on  the  stagnation  streamline,  wnereaa  fiuotuating  vein..  ..ties  anywhere  over  ar.  area  of  the  same  order 
as  the  »i?,e  oi  the  plate  oould  affeot  its  drag. 

In  addition  to  the  unfiltered  correlations  figure  S  shows  maxi  mom  values  or  time-delayed . 
filtered  orosa-oorre-utions  for  a  high  and  low  value  of  the  frequenoy  parameter  zu).  Although  at 

tr 

the  low  value  cf  »-  the  measurements  indicate  a  very  strong  correlation  between  drag  and  upstream 
vslooity  ti. a  simple  linear  theory  of  Viokery  underestimates  x*(n)»  a*  this  value  of  1  D ,  by 
about  59$.  At  the  high  valuo  there  was  small  correlation  and  therefore  these  measurements  also  help 


to  support  the  argument  that  at  these  values  of 


most  of  the  drag  fluctuations  are  wake  induced. 


In  order  t.o  progress  further  with  the  understanding  of  the  effeot  of  turbulenoe  on  bodies  the 

-iff sot  that  the  body  has  on  the  turbulenoe  must  be  oonsidered.  Hunt^  has  formulated  a  theory, 
based  on  turbulenoe  rapid  distortion  theory,  to  analyse  the  turbulenoe  in  a  flow  sweeping  past  a 
body.  The  prinoipal  assumption  made  in  the  theory  is  that,  in  the  time  it  takes  for  the  turbulenoe 
to  be  swept  p-3t  the  body,  t.  s  ohaages  in  the  mean  flow  around  the  body  and  the  effeot  of  its 
boundaries  distort  the  turb  enoe  for  more  then  its  own  internal  visoous  and  non-linear  inertial 
forces.  The  turbulenoe  will  be  distorted  by  stretohirg  and  twisting  of  the  vortex  line  filaments 
as  they  are  aouvaoted  past  the  body. 

The  assumptions  that  have  to  be  cade  are  first,  *hat  the  mean  flow  is  irrotational,  which  limits 
analysis  to  that  region  of  the  flow  outside  the  boundary  layers  and  wake.  The  second  assumption  is 
that  >ur  «  U  so  that  the  only  contribution  to  --ortex  line  stretohing  and  twisting  some*  from 
ohanges  in  th'  mean  flow.  Thirdly  in  the  time  it  takes  for  a  fi-'d  element  to  bo  swept  past  the  body, 
T,  thejiurbulent  energy  dissipated  by  visoous  stress  is  small  wiu.oh  leads  to  the  condition 

tr  y>  ir  •  nith  these  assumr-M-.-}  hunt  shows  that  the  problem  reduoes  to  the  solution  of  a  number 

of  linear  equations  in  whioh  there  will  be  no  interaction  between  the  different  wavenumbers  of  the 
turbulenoe. 

In  the  experiments  desoribed  in  this  paper  -jp  «  1  and,  sinoe  L^A:  =  0(l),  jp  »  -ji--  and 

t'.»  refor*  in  the  free  stream  the  conditions  of  the  theory  r„re  met.  At  this  st»gw  no  attempt  has 
beau  made  to  oaloulate  the  distortion  of  the  turbulent  flow  ahead  of  the  plates  oeoause,  w'  en  the 
soale  c?  turbulenoe  is  oi  ma  same  oraer  as  wi*  aim  of  LI-.  u-u—.'.  »f  n.  squired 

is  extremely  large.  The  theoretical  ideas  gill  be  used,  however,  to  disousa  qualitative1;  the 
effeots  of  turbulenoe.  When  the  eddy  sises  of  the  turbulenoe  are  large  oompared  to  the  sit"  of  th* 

body  ^  jjS  ■*  „  ^  ,  the  effeot  of  the  body  on  the  turbulenoe  will  be  similar  to  its  effeot  on  the  mean 

flow.  Therefor*  ahead  of  a  plate,  along  the  stagnation  streamline,  the  u  fluctuation  will 
deoreas*  while  th*  turbulenoe  Intensity  based  on  looal  velocity  will  reamin  oonatant.  On  the  other 

hand  as  th*  eddy  slses  become  very  small  oampared  to  the  sise  of  tne  body  ^  ^  0  j  the  dominant 

effeov  will  be  the  stretohing  of  the  vortex  lines  by  the  mean  flow.  Oils  gives  the  interesting 
result  that,  ohaad  of  a  plats  u  increases.  When  L ^/D  »  0(l )  there  will  be  some  combination  of 

these  effeote. 

In  order  to  illustrate  some  of  these  features,  further  measurements  along  th*  stagnation  line 
ahead  of  the  4  in  plat*  ar*  presented,  figure  S  shows  measurements  of  mean  velocity,  and  also  the 
turbulenoe  intensity,  baasd  on  both  looal  veiooity_U,  and  free  stream  velooity  U,  plotted  against 

v 

.  y  y 

dlstanoe  ahead  of  th*  plat.*,  x/D.  Th*  rise  in  ■—  near  the  plate  suggests  that  the  range  of  eddy 

u« 

sises  within  th#  turbulenoe  was  suoh  as  to  produoe  some  stretohing  of  the  vortex  <nes.  Hear  the 


the  dominant 


plate,  around  th*  stasaaition  region,  rsry  hi  levies  «f  tuidvilenn*  intensity  w»r«  recorded  and 
olearly  the  condition Vu*  «  will  no  longer  be  satisfied. 

The  theory  of  Viokery,  when  applied  to  solid  plates,  assumes  that  the  turbulenoe  approaohirg 

^x 

each  element  of  plate  area  behaves  as  if  the  body  were  in  a  stream  share  g-  «  w.  This  suggests, 

from  the  work  of  Hunt,  that  along  the  stag  ion  streamline  the  power  speotral  density  of  the 
approaohing  flow  f(u)(n)^  ahoulu  doon<-»«  at  all  wavanumbers  in  euoh  a  way  that 

u! 

*{vO(n),  ■  f(u)(n)  ,  —  (3) 

U* 

where  f(u)(n)  is  th#  powsr  speotral  danaity  uf  the  fiuotuating  velcoity  for  upstream.  Power 
speotra  of  fiuotuating  xelooity  along  the  stagnation  stream! tne  at  four  stations  ahead  of  tha  plats 
are  shown  in  figure  10,  f(u)(n)^y  is  tfiown  plottsd  against  n/U  and  the  area  under  eaoh  sp«otrum 


tmtf'Ulpno#  <  nt.»ri*|ty  Bwr*  r#onrd»d  ajiA 


m 

| 

24"3  | 

is  equal  to  the  square  of  tha  turbulence  intensify  based  on  free  stream  velooity,  Compared  with  the 
arectrura  in  th«  abscnoe  of  the  plate,  the  power  at  low  wavenumbers  ehows  a  ms  -ked  decrease  whereas  | 

at  higher  wavenumbers  ‘.h-re  is  little  ohange.  If  L ^/D  -  »  and  there  was  no  stretching  of  vcrt-sx 

linns  by  the  mean  flow  the  level  of  the  speotrum  at  all  wavenumbers  i  bn  wiven  by  equation  (3), 

Ke  turning  to  the  theoretical  values  of  aerodynamic  admittance  plotted  in  figure  6  it  can  b* 
see"  that  as  i, deoreases  x* (n)  beoomes  increasingly  larger  than  Viokery  pr*'” ’ st».  This  i~  f 

in  agreement  with  the  argument  that  as  L i^/D  becomes  smaller  the  distortion  of  the  turbulenoe  I 

intensifies  the  longitudinal  opponent  of  turbulenoe  ahead  of  the  body,  More  work  is  required  to 

determine  the  importance  of  t  rbulenco  distortion  and  to  determine  whether,  if  L ie  large  1 

enough,  the  much  simpler  ideas  of  Viokery  are  sufficient  to  predict  x* (n)  aoourately  at  low  values 

cf  jp.  I.  is  interesting  to  note  that  when  L ^/D  =  1,5  the  aerodynamic  admittance  values  predioted 

by  Viok6ry  are  only  20J?  too  low.  Another  area  requiring  more  attention  is  the  underetanding  of  the 

complex  interaction  between  the  turbulenoe  and  the  wake.  , 


if.  Conclusions 


Power  speotral  density  measurements  of  the  fluctuating 
show  the  importance  of  the  soale  parameter  L ^/D.  Aa  L ^/D 


drag  on  square  plates  in  turbulent  flow 
increases,  the  oorrelacio  areas  of 


the  ertergy-oontair.ing  eddies  of  the  turbulenoe  are  comparatively  larger  and  the  root  mean  equare 
value  of  the  drag  coefficient  fluctuations  increases.  Correlations  of  the  velocity  signal  from  a 

/  L  \ 

hot  wire,  plaoed  at  various  distances  upstream  of  a  plate  (  g-  *  0,75  J,  with  the  fluctuating  drag 


signs!  oonfirred  that  the  majority  of  the  drag  fluctuations  was  linearly  related  to  the  velocity 
fi.uotueti.ona  in  the  apFroaohing  flow,  Biis  relationahip  between  velooity  and  drag  helps  to 

nD 

justify,  particularly  at  values  of  y  lees  than  0,1,  the  concept  of  aerodynamic  sdmittsaoa.  In 
the  range  of  value  s  of  L ^/D  from  1,5  to  0.375:  however,  the  theory  of  Viokery  at  small  -j£,  was 

found  to  underestimate  seriously  the  value  of  aerodynauio  admittanoe.  Measurement 0  of  the 
structure  of  the  turbulenoe  ahead  of  a  plate  shew  that  this  wea  primarily  due  to  :he  significant 
distortion  of  the  turbulenoe  by  the  body. 
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ABSTRACT 


A  literature  review  is  given  of  available  date  on  the  influence  of  ground 
winds  on  typical  aerospace  structures.  Relevant  data  from  non-aerospace 
studies  are  also  disucssed. 

The  major  concern  of  the  paper  is  the  wind  induced  excitation  of  circular, 
cylindrical  shell  structures  in  either  thr  swaying  (bending)  or  ovalling 
(breathing)  modes  and  the  relationships  between  these  modal  natural  frequencies 
and  the  frequency  s^ec’  jf  the  aerodynamic  * rr>vt.  The  data  on  discrete 
vortex  shedding  in  the  sub-critical  and  super-critical  Reynolds  No.  ranges  is 
necessarily  considered. 

The  relevant  structural  vibration  analyses  to  predict  the  natural  fre¬ 
quencies  of  the  stiffened  and  unstiffened  shells  are  briefly  outlined  and 
certain  deductions  made  on  the  efficacy  of  various  types  of  stiffening. 

Consideration  is  also  given  to  problems  associated  with  complete  lattice 
structures  typical  of  launcher  designs  and  with  single  component  members  of 
such*  structures. 
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WIND  EXCITED  BEHAVIOUR  OF  CYLINDRICAL  STRUCTURES 
-  TT3  RELEVANCE  TO  AEROSPACE  DESIGN  - 

D.J.  JOHNS* 


1.  Introduction 


In  recent  years  there  has  been  an  increasing  awareness  of  the  need  to 
allow  for  the  static  and  dynamic  effects  of  wind  on  the  design  of  civil  engin¬ 
eering  and  aerospace  structures  and  there  has  been  a  useful  cross-fertilisation 
of  ideas  and  information  feedback  between  these  branches  of  engineering.  This 
Is  particularly  evident  in  the  number  and  scope  of  major  symposia  which  have 
attracted  meteorologists,  architects,  civil  engineers,  aerodynamicists  and 
aerospace  structural  engineers. 

The  first  major  symposium  on  "Wind  Effects  on  Buildings  and  Structures" 
was  held  as  recently  as  19o3  England,  and  paper.  w«re  pub- 

1ished  (Ref.  1)  including  a  significant  review  paper  by  Scruton. 

A  second  similar  symposium  was  held  at  Ottawa,  Canada,  in  1967  and  the 
published  proceedings  (Ref.  2)  contain  37  papers.  Ref.  3  also  contains  37  papers 
of  a  symposium  held  at  Loughborouoh,  England,  in  1968. 

These  three  meetings  dealt  more  specifically  with  civil  engineering 
applications  as  did  Refs.  4  and  5  which  only  dealt  in  part  with  wind  effects. 

Refs.  6  and  7  dealt  specifically  with  ground  wind  load  problems  related  to 
launch  vehicle  structures  and  appear  to  have  been  the  most  significant 
unclassified  meetings  of  this  type  to  date. 

In  addition  to  the  papers  presented  at  these  meetinos  there  have  been  many 
...Jividual  papers  of  note  and  they  will  be  referred  to  later.  For  example. 

Ref.  3  contains  a  useful  survey  of  data  on  static  loads  due  to  wind,  and 
Refs,  y  and  10  summarise  the  sources  of  data  and  the  main  considerations  in 
selecting  design  winds  for  t«  structures. 

For  a  particular  building  or  other  structure  a  study  of  wind  effects 
requires  a  prior  knowledge  of  the  maximum  wind  speeds  at  the  proposed  site  for 
the  structure.  Since  it  would  be  unusual  for  this  precise  knowledge  to  be 
available  it  is  necessary  to  infer  it  from  meteorological  records  often  taken  a 
considerable  distance  away.  The  designer  must  also  take  account  of  local  topo¬ 
graphy,  prevailing  wind  directions,  the  variation  of  wind  speed  with  height, 
the  presence  of  other  adjacent  structures,  etc.,  and  most  importantly,  the 
degree  of  turbulence  in  the  wind. 

Because  of  uncertainties  in  these  various  parameters  recourse  is  often  had 
to  ’  tnd-tunnel  tests  in  which  these  parameters,  especially  wind  profile  and 
tur-ulence,  and  the  structural  flexibility  are  all  modelled.  Significant  in 
this  field  is  the  work  Of  Davenport,  some  of  which  is  reported  in  Refs.  1,  2,  7. 
Ref.  11  contains  a  useful  summary  of  the  problems  of  simulating  the  atmosphere 
and  Refs.  12  to  14  present  a  general  mathematical  analysis  to  determine  the 
effects  of  random  turbulence  as  a  forcing  function  on  tall  slender  structures. 
Ref.  14  contains  a  useful  review  of  wind  excited  response  problems. 

The  main  concern  of  this  present  paper  Is  that  class  of  dynamic  problems 
resulting  from  excitation  due  to  vortex  shedding.  Some  of  the  vast  literature 
now  available  will  be  discussed  and  it  is  hoped  that  certain  definitive  conclus¬ 
ions  can  be  drawn  as  to  the  nature  and  implications  of  vortex  shec  ing  from 
circular  cylindrical  structures.  Results  will  be  presented  from  recent  studies 
on  the  lateral  bending  and  ovalling  oscillations  of  such  structures  due  to 
vortex  shedding. 


Professor  of  Aeronautics;  Department  of  Transport  Technology,  University  of 
Technology,  Loughborough,  Leicestershire. 


25.  2 


In  passing  it  should  be  mentioned  that  Paper  22  of  Ref.  3  contains  much 
valuable  data  on  the  unsteady  aerodynamic  derivatives  of  various  prismatic  beams 
of  open  and  closed  section  which  might  be  considered  as  components  of  a  space 
frame  structure  for  civil  or  aerospace  engineerin  xpplications.  In  general,  the 
closed  box  profiles  and  the  t—i  -  shaped  profile  were  the  worst  from  an  aero- 
elastic  p^int  of  view  whereas  the  other  open-sections  were  air  essentially 
stable.  C'-''siderable  data  on  other  non-circular  cylindrical  sections  is  con¬ 
tained  in  Refs.  1  to  3  and  7. 

2.  Vortex  Shedding  Phenomena  -  Model  Tests 

2.1  General 


Research  into  vortex  streets  behind  a  circular  cylinder  dates  from  the  late 
15th  century  and  in  1878  early  experiments  by  Strouhal  led  to  the  empirical 
correlation  of  the  vortex  shedding  frequency  N,  the  diameter  d,  and  the  stream 
velocity  V,  through  the  non-dimensional  Strouhal  No. 

SN  -  Nd/V  (1) 

Many  papers  have  discussed  this  parameter  and  its  dependence  on  Reynolds 
No.,  and  it  appears  that  sevw*1  distinct  regions  of  Reynolds  No.  exist  in 
whicn  different  phenomena  occur.  These  various  regions  are  not  separated  by 
clear  boundaries  but  by  transition  zones  which  can  be  altered  by  individual 
experimental  conditions.  These  regions  are  referred  to  in  Ref.  15  and  shown  in 
Fig.  1.,  as  symmetric,  regular,  irregular  and  supercritical  defining  the  nature 
of  the  vortex  shedding  phenomena.  Refs.  16  -  18  were  also  useful  in  delineating 
these  various  regions. 

It  is  with  the  irregular  (sub-critical)  and  supercritical  Reynolds  No. 
range  (RN>  300)  that  this  paper  is  primarily  concerned  but  th»  intervening 
transition  zone  around  the  critical  Reynolds  No.  (i.e.  2  x  lO^c  RN<  2  x  10C)  will 
also  be  discussed.  Much  of  the  data  available  on  the  aerodynamic  Strouhal  No. 
over  the  above  Reynolds  No.  range  is  shown  in  '"’ig.  1  as  taken  from  Ref.  18. 

2.2  Sub-critical  Region 

In  the  sub-critical  Reynolds  No.  region  ( 300 <  R^<  2  x  10^)  the  boundary 
layer  is  laminar,  its  separation  from  the  surface  is' not  appreciably  affected 
by  Reynolds  No.,  and  the  Strouhal  No.  in  equation  (1)  remains  at  an  almost 
constant  value  of  0.2  for  an  infinite  aspect  ratio  circular  cylinder. 

bAperiment*  reported  by  Meier-Windhorst  (Ref.  13)  using  water  and  by 
Scruton  (Paper  24  -  Ref.  1)  using  air  and  by  others,  have  shown  that  one  conse¬ 
quence  of  periodic  vortex  shedding  has  been  the  existence  of  a  periodic  force 
in  a  direction  normal  to  the  wind  stream.  "he  frequency  of  this  force  when 
the  cylinder  is  stationary  is  given  by  a  va.ue  of  SN  2*  0.2  in  eqn.  (1)  but  it 
appears  that  for  an  oscillating  cylinder  there  are  certain  ranges  of  wind 
speed  for  which  the  cylinder  oscillations  themselves  control  the  frequency. 

Thus  Parkinson  has  shown  (Paper  18  -  Ref.  2)  that  onset  of  oscillations  can 
occur  (if  the  structural  damping  is  sufficiently  small)  when  the  Strouhal 
frequency  equals  the  natural  frequency  of  the  cylinder  and  the  instability 
which  persist?  over  a  range  of  wind  speed  (which  also  depends  on  ‘he  structural 
damping)  will  do  so  with  a  frequency  dominated  by  the  natural  frequency  and  not 
v-y  the  Strouhel  frequency  corresponding  to  the  particular  wind  speed.  The 
assumed  1  to  1  relationship  between  successive  bending  oscillations  at  the 
natural  frequency  and  the  vortex  shedding  is  given  in  Fig.  2(a)  but  Fig.  2(b) 
presents  alternatively  a  3  to  1  relationship  which  could  result  in  a  lo~er 
critical  wind  spead.  There  is  no  experimental  evidence  for  this  known  to  the 
author  although,  as  -mentioned  in  (iii)  below,  higher  harmonics  of  the  Strouhal 
frequency  are  likely  to  be  present  which  might  produce  an  apparently  lower 
critical  wind  speed  than  would  correspond  to  a  value  of  Sy.  -  0.2. 

As  well  as  lateral  bending  oscillations  it  is  possible  with  lightly  damped, 
plain  cylindrical  cantilevers  for  significant  vibrations  to  develop  in  the 
direction  of  the  flow  (Ref.  20).  These  have  been  reported  to  occur  at  a  fre¬ 
quency  twice  that  of  the  lateral  oscillations  and  this  suggests  that  the 
periodic  forces  as  ociated  with  vortex  shedding  can  have  a  significant  stream- 
wise  component.  (Ref.  21).  In  other  words  the  unsteady  pressure  distribution 
as  a  single  vortex  is  shed  does  not  in  general  have  a  resultant  normal  to  the 
flow.  The  significance  of  this  will  be  re-empha  *»i  sed  later  in  Section  3,  when 
discussing  ovalllng  oscillations. 

From  the  available  sui-critical  data  it  is  clear  that  the  cylinder  response 
to  fluid  dynamic  forces  fro,?  vortex  shedding  It  not  strictly  speaking  a  reso¬ 
nance  effect  since  the  cylinder  motion  alters  the  flow  field  significantly. 

The  main  conclusions  for  sub-critical  flow  are  summarised  in  Faper  37  of  Ref.  2. 


25.3 


(i)  cylinder  motions  increase  the  circulatory  strength  of  developing 
vortices , 

(ii)  cylinder  motions  Increase  the  two-dimensionality  of  the  flow  field, 

(iii)  the  dynamic  lift  contains  hioher  harmonics  of  the  Strouhal  frequency, 

(iv)  striking  flow  field  modulations  can  occur  when  the  ratio  of  cylinder 
frequency  to  Scrouhal  frequency  is  between  0.8  and  1.1  but  not 
close  to  unity. 

2.3  Supercritical  Regime 

Unfortunately  most  practical  structures  of  interest  operate  at  Reynolds 
Nos.  upto  and  into  the  supercritical  region  and  the  data  available  for  this 
region  and  the  transition  zone  which  precedes  it  have  been  rather  inconclusive. 

According  to  some  researchers  they  have  found  a  marked  rise  ir.  S j-  above 
Rn  *  2  x  1CP  such  that  a  value  of  «  0.46  occurred  at  *  1.5  xlO6  whereas 
other  researchers  have  snown  completely  contradictory  ‘  results  with  values 
of  S„  <  0.2.  Typical  results  ere  given  in  Fig.  1  taken  from  Ref.  18  where  it 
is  asserted  that  it  is  questionable  whether  periodicity  of  vortex  shedding  till 
exists  above  R  *  2  x  10^  and  that  only  a  wide  frequency  band  turbulence  occurs. 
The  evidence  presented  in  rig.  1  certainly  indicates  no  discrete  vortex 
shec-’ing  for  2  x  10’<  kn<1.5  x  10^  but  for  1,5  x  lO'CR  <3  x  10"  one  might 
deduce  that  there  is  a  progressive  decrease  in  5  from  0,46  to  0.2.  This  wovild 
mean  that  a  structure  of  bending  frequency  w  coulfd  experience  a  corresponding 
progressive  increase  in  V  (since  V  «  wd/$N)  with  V  and  a  continual  condition 
of  resonance  of  increauin§rseverity , '"5ue  nrimarlly  to  the  consequent  increase 
in  dynamic  pressure.  This  condition  of  increasing  amplitude  with  speed  .md  no 
pronounced  single  critical  speed  has  beer-  quoted  elsewnere  as  evidence  for  the 
absence  of  a  discrete  vortex  sheddinq  frequency  but  from  the  above  argument  that 
is  not  necessarily  proven. 

It  is  of  interest  that  <  ata  has  been  presented  by  Chen  (Ref,  181  In  Fig.  1 
for  a  value  of  S  •£■(). 2  in  the  supercritical  region  although  he  proceeds  to  discount 
it  based  on  his  own  experimental  res-’lts. 

The  results  of  Fung  (Ref.  22)  R-shko  (Ret .  in'  for  a  rigid  cylinder 

have  shown  no  discrete  frequency  in  the  broad  turbule.-x  :  spectrum  lor  the  trans¬ 
ition  range  of  Reynolds  Nos.  although  earn  spectrum  ir  this  range  has  a  at 

a  value  of  3,.  which  decreases  in  this  range  from  0.17  down  to  0 .05.  These 
values  imply**®  low  effective  forcing  frequency  ir.  a  broad  frequency  band  and 
if  significant  vibrations  are  to  occur  as  a  result  the  dynamic  pressures  must 
be  sufficiently  great  and  the  structural  damping .suf f icient ly  low  and  the 
possibility  referred  to  earlier  might  then  apply  with  the  effective  strouhal 
frequency  being  lower  than  the  natural  frequency  (l.c.  N  *  jw) .  Roshkn  has  also 
shown  that  a  discrete  frequency  peak  car.  occur  for  R..  >1.5  x  106  corresponding 
to  SN  -  0.267. 

It  is  believed  that  the  probable  main  causes  for  the  di sagreer ents  between 
various  researchers  are  the  differences  in  errf  effects  and  other  three-di  ^ensior.al 
effects  and  the  fact  that  many  of  the  cylinders  tested  have  been  rigid. 

The  experiments  of  Ref.  15  'or  a  rigid  cylinder  have  snowr.  the  strong  three- 
dimensional  nature  of  the  vortex  pattern  and  in  the  Discussion  of  Ref.  I"7  other 
results  were  quot  J  showing  that  the  distance  alonq  the  cylinder  over  which  the 
periodic  lift  forces  arecorre lated  decreases  to  about  1  d'smete-  at  transition 
Reyno’ds  Nos.  It  ,'s  rot  surprising  if  overall  oscillatory  lift  arxJ  drag  measure¬ 
ments  are  then  income ’’usive. 

When  the  cylinder  is  not  held  rigidly  but  can  interact  with  tne  flow  it 
would  appear  that  the  correlation  length  can  increase  markedly  when  the  phase 
of  the  vortex  shedding  is  locked  into  synchronism  alonq  the  entire  cylinder  by 
the  cylinder  motion  itself. 

Seme  recent  experiments  at  the  N.P.L.,  are  referred  to  in  Ref.  and  Paper 
18  of  Ref.  2  for  a  cylinder  in  the  Reynolds  No.  range  10-  to  1  x  10  .  me  results 
showed  that  the  presence  of  a  free  end  can  have  significant  effects  as  the  flow  ' s 
entrained  over  the  free  e.vd  of  tne  cylinder  to  pass  down  the  leeward  fare  thereby 
causing  a  thickenlnq  of  the  wake  and  a  consequent  decrease  In  the  leva'  vortex 
shedding  frequency.  This  gives  a  wider  spectral  peak  to  the  overall  osci’ latory 
forces. 

'•■her.  such  a  flexible  cylinder  is  heavi,,  amp*w1  a  wide  band  input  pro¬ 

duce  a  random  amplitude  response  function  pr~  -iced  that  the  ampiit-.de  of  motive, 
is  sufficiently  small  not  to  ’ifect  the  aerodynamic  forces  and  to  ca-  se  locking- in. 
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or  synchronisation.  The  variation  of  amplitude  with  speed  would  then  be 
expected  to  follow  a  quadratic  law  as  w<*a  indicated  in  Ref.  23. 

However,  within  a  limited  speed  range  (4<  V/vd<  7)  and  when  the  structural 
damping  is  low  large  amplitudes  may  occur  when  the  cylinder  movement  causes  an 
increase  in  the  vortex  induced  forces  and  in  the  lengthwise  correlation,  and  the 
cylinder  and  shedding  frequencies  coincide.  lr,  supercritical  flow  the  results 
showed  an  amplitude  peak  corresponding  to  a  Strouhai  No.  of  0.2  although  other 
peaks  occurred  at  higher  velocities  (3^  «  0.1  and  0.08). 

Another  comprehensive  investigation  has  been  reported  by  Cincotta  et  al 
(Paper  20  of  Ref.  7),  They  showod  that  the  unsteady  aerodynamic  lift  forces 
varied  with  Reynolds  So.  as  indicated  in  the  Table  below.  The  corresponding 
values  of  the  ’’effective"  Strouhai  No.  are  also  shown. 


Reynolds  No.  Range 

Nature 

1.4  x  10  6  to  3.5  x  106 

.18 

Wide  Band  Random 

3.5  x  106  to  6  x  106 

.25 

Narrow  Band  Random 

6  x  106  to  18.2  x  1.06 

■1 

Raudom  plus  Period: 

It  was  also  shown  that  the  r.nt.s.  aerodynamic  lift  coefficient  increased 
with  model  motion  with  a  maximum  occurring  when  the  model  oscillating  fre¬ 
quency  coincided  with  the  aerodynamic  Strouhai  frequency.  .\n  unstable 
(negative)  aerodynamic  damping  component  of  the  unsteady  lift  force  occurred 
when  the  model  frequency  was  less  than  the  aerodynamic  .frequency  otherwise  a 
stable  damping  component  occurred. 

The  relevance  of  these  latter  results  to  full-scale  chimney  sterns  or 
aerospace  vehicles  is  rot  certain  as  tht  modei  wes  two-dimensional  spanning  the 
tunnel  and  end  effects  h«ve  been  shown  to  be  very  significant. 

Tests  relating  directly  to  launch  vehicles  have  been  reported  in  Refs.  7  and 
14  and  in  many  other  Individual  papers. 

Thus  Ref.  24,  whilst  comprehensive,  has  only  a  small  amount  of  data  for  con¬ 
stant  diameter  mode  which  may  be  compared  with  other  results  and  the  majority 
of  the  data  is  mainly  significant  ir?  showing  the  effects  of  local  geometry, 
surface  rouqhness,  external  protuberances ,  etc.  The  results  quoted  for  the 
uniform  cylinder  showed  smaller  responses  compared  to  most  of  the  other  models 
with  conical  or  hemispherical  noses.  Unfortunately  also,  the  results  for 
V/wd  5  correspond  to  a  value  of  KnynoMs  No.  in  the  transition  zone  so  that, 
not  surprisingly,  no  pronounced  peaks  were  experienced  for  the  smooth  cylinder. 
The  rough  cylinder  did  however  show  a  peak  at  abou..  V/wd*5. 

i  urther  relevant  references  are  Refs.  25,  14  and  2S.  Ref.  25  shows  a  peak 
reduced  yelocity  of  V/wd  «  S  at  a  Reynolds  No.  in  the  range  1.5  x  10®  to 

2.2  x  10  ,  Howeveu. ,  Ref.  14  reports  on  tests  concerned  only  with  models  of 
actual  launch  vehicles  and  shows  that  for  the  Saturn  X-B  and  Saturn  V  medals 
violent  self-excited  oscillations  were  experienced  at  Reynolds  Nos.  as  high  as 
4  x  10®  based  on  maximum  diameter,  for  these  models  the  peak  response  appeared 
to  be  a  resu.f:  of  vortex  snedding  from  the  louer  stages  at  a  Strouhai  No.  of 
0.2  based  on  the  maximum  diameter  of  these  stages.  When  the  structural  damping 
was  ir.crsrt'.ed  the  sharp  peak  was  eliminated  and  the  response  wes  characterised 

‘  •  a  random  amplitude  constant  frequency  motion. 

Ref.  26  is  a  review*  paper  concerned  partly  with  ground  wind  problems  and  in 
addition  tc  overall  bending  oscillations  it  also  considers  the  buffetii.g  problem 
of  localised  portions  of  the  structure.  The  relevance  of  this  to  the  ovalllng 
oroblem  will  he  discussed  later. 

3.  Vortex  Shedding  Phen omens  -  Full  Scale 

3.1  Swaying  Osci l ) atlons 

The  wind-excited  swaying  vibrations  observed  on  tall  chimney  stacks  occur 
chiefly  in  the  supercritical  Reynolds  No.  range.  As  Don  Hartog  reported  in  Ref. 
27  such  vibrations  have  been  observed  with  a  value  of  RN  »  0.21  up  to  RN  » 

6.2  x  10®  which  agrees  with  the  values  indicated  in  Pig.  1.  Other  full-scale 
experiences  are  quoted  in  Refs.  3,  28  and  29. 

In  particulcc  Pape**  23  of  Ref.  3  should  be  mentioned  as  it  relates  to  a 
space  frame  structure  (the  Gycotron  at  EXPO  *67)  composed  of  8100  tubes  each 
16ft,  long  x  6in  diameter  and  having  one  of  four  possible  wall  thicknesses. 

The  flattened  ends  of  the  tubes  were  bolted  to  special  end  joint  membors  such 
that  the  tubes  were  much  atiffer  in  the  flattened  plane  than  normal  to  it. 
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Oscillations  occurred  ir.  the  plane  of  the  wind  at  wind  speeds  of  about  25ft/sec., 
i»  the  tubes  whose  flattened  ends  were  perpendicular  to  the  plane  of  the  wind 
and  at  50ft/sec.  transverse  oscillations  occurred  when  the  flattened  end*  were 
in  the  plane  of  the  wind.  The  streamwise  vibrations  are  clearly  caused  by  the 
streamvise  component  of  the  vortex  shedding  periodic  force  at  a  frequency  twice 
the  lateral  component.  This  also  supports  the  evidence  quoted  in  Section  2.2. 

It  should  be  mentioned  that  any  theoretical  prediction  of  the  natural  fre 
quency  of  such  a  tube  structure  should  talc*  due  account  of  the  effect  of  any 
inplane  compressive  load  causing  an  effective  reduction  in  the  frequency. 

3.2  Ovalllng  Oscillations 

Ovalling  oscillations  have  also  been  experienced  on  various  chimneys  as 
reported  by  Scruton  (Paper  24  of  Ref.  i);  Johns  and  Allwood  (Paper  28  of  Ref.  3) 
and  in  Refs.  30  -  32.  From  these  results  it  has  been  suggested  In  Refs.  30  and 
31  that  ovalling  occurs  at  a  wind  speed  such  that  a  2  to  1  relationship  exists 
between  the  ovalling  natural  frequency  and  the  vortex  shedding  frequency  (see 
Fig.  3(a)).  This  assumpt  on  has  been  questioned  in  Paper  28  of  Ref.  3  and 
Figs.  3(b)  to  3(d)  show  possible  4  to  1,  1  to  1  or  3  to  1  relationships.  If  r 
is  the  value  of  this  critical  relatir nship  and  S,.  »  0.2  the  critical  wind  speed 
is  given  by 


V  Pi-  Swd/r  (2) 

where  r  *  1,  2,  3,  4,  etc.,  signifying  progressively  lower  critical  ovalling 
wind  speeds.  The  lowest  actual  critical  wind  speed  would  depend  on  the  struct¬ 
ural  damping  present  and  on  some  parameter  such  as  (  pVVE;),  i.e.  the  ratio  of 
aerodynamic  and  structural  stiffness.  The  results  for  the  full-scale  chimney 
described  in  Paper  28  of  Ref.  3  indicate  a  value  of  r  *  1  as  being  most  likely 
rather  than  the  values  of  t  «  2  reported  earlier.  See  Section  5. 

Figs.  3(c)  and  3(d)  are  based  on  the  possibility  that  the  axes  of  the 
ovalling  mode  are  not  orthogonal  with  the  wind  direction  but  are  aligned  with  the 
axes  of  the  resultant  periodic  surface  pressure  distribution  which  are  not 
necessarily  orthogonal  to  the  wind. 

Evidence  for  this  latter  possibility  is  given  by  the  fact  that  significant 
streamwise  swaying  oscillations  are  possible  at  a  frequency  twice  that  of  the 
lateral  oscillations  (Ref.  20  and  Ref.  21)  and  by  the  form  of  the  measured 
cressure  distribution  snown  in  Paper  28  of  Ref.  3  which  is  seen  to  nave  a 
resultant  close  to  a  line  135°  from  the  stagnation  line. 

The  circumferential  modes  excited  during  ovalling  clearly  constitute  a 
design  case  of  significance  and  require  detailed  analysis  and  test  to  ensure  a 
particular  structure  has  sufficient  integrity  to  meet  this  case.  In  many  ways 
it  is  comparable  to  the  local  buffeting  or  forced  vibration  case  discussed  in 
Ref.  26  and  in  Section  2.3. 

4.  Cylindrical  Shell  Vibration  Analyses 

The  following  procedures  can  be  used  to  study  ^he  invacuo  vibration 
characteristics  of  circular  cylindrical  shells s 

(a)  Exact  solutions  of  the  shell  governing  differential  equations 

(b)  Variational  techniques  such  as  the  Rayleigh-Ritz  ar.d  Galerkln’s  method 

(c)  Finite  element  -or  finite  difference  approach 

Because  of  the  uncomplicated  nature  of  the  assumed  shell  configurations 
it  was  decided  to  use  the  continuum  approaches  of  (a)  and  (b)  only. 

The  assumed  uniform  shell  configurations  studied  have  been: 

(A)  a  shell  clamped  at  its  base  and  with  a  free  or  ring-stiffened  upper  end, 
i.e.  a  typical  chimney  structure,  and,  secondly, 

(B)  s  shell  simoly  supported  at  both  ends  and  stiffened  with  intermediate 
rings  and/or  stringers. 

For  the  first  case  (A)  using  a  variational  approach,  three  possible  types 
of  axial  mode  shapes  have  been  considered  viz: 

(i)  a  two  degree  of  freedom  polynomial  function  as  in  Paper  28  of  Ref,  3; 

(ii)  a  two  degree  of  freedom  trigonometric  function  and 
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(iii)  a  tw  degree  of  freedom  ''beam  function5'  approximation 

These  three  types  of  modes  have  been  discussed  in  Refs.  33  and  34  and  approp¬ 
riate  results  presented.  Fig.  4  shows  the  envelope  of  the  non-dimensional 
structural  frequency  parameter  A  for  various  values  of  circumferential  wave 
number  n  and  length/radius  ratio  (l/a)  for  a  particular  value  of  radius/thlck- 
ness  ratio  (a/h).  The  shell  upper  end  was  free. 

For  shells  of  large  i/a  the  minimum  frequency  will  correspond  to  n  •  1 
i.e*  a  swaying  oscillation.  For  smaller  L/a  the  minimum  frequency  will  cores¬ 
pond  progressively  to  n  -  2,  3,  4,  etc.,  as  L/a  decreases.  Should  the  wind 
excite  these  higher  n  modes  the  term  Availing'  no  longer  seems  appropriate  and 
the  term  "breathing"  oscillations  is  perhaps  to  be  preferred. 

It  is  to  be  noted  that  for  moderate  to  large  values  of  L/a  the  assumption 
of  zero  hoop  and  shear  strains  in  the  shell  elastic  equations  leads  to  consider¬ 
able  simplifications  in  the  analyses  with  no  significant  inaccuracy  in  the 
results.  The  main  implication  of  this  assumption  is  that  the  sextic  frequency 
equation  which  would  generally  result  from  a  full  treatment  of  the  shell  equat¬ 
ions  using  two  generalised  co-ordinates  in  the  axial  modal  functions,  reduces 
simply  to  a  quadratic  frequency  equation. 

It  has  also  been  shown  that  the  addition  of  a  single  stiffening  ring  to 
the  free-end  of  a  clamped-free  shell  may  not  significantly  increase  the  fre¬ 
quencies  for  modes  of  nit  2  (for  n  «  1  a  decrease  results)  and  results  for  the 
particular  chimney  described  in  Paper  28  of  Ref.  3  show  that  even  with  an 
infinitely  stiff  ring  an  increase  of  only  20%  is  possible  over  the  zero  ring 
frequency.  Since  a  single  end  ring  hea  limited  advantages  in  raising  the 
oval ling  natural  frequencies  a  much  more  useful  solution  would  be  to  add 
intermediate  stiffening  rings  at  fairly  close  spacing  along  the  length  of  the 
shell.  Per  reasonably  stiff  rings  Ref.  35  teased  on  an  exact  solution  can  be 
used  directly  to  predict  the  frequencies  of  each  intermediate  shell  section 
for  either  simply-supported  or  clamped  end  conditions.  For  light  intermediate 
rings  the  more  general  method  of  Ref.  36  should  be  used  which  also  follows  an 
'exact'  method  of  solution. 


Another  investigation  has  recently  been  completed  (Ref.  37)  using  a  vari¬ 
ational  approach  for  shells  stiffened  by  stringers  and/or  rings  .-imply 
supported  at  their  ends,  i.e.  the  second  case  (3)  referred  to  earlier.  The 
main  conclusions  were  that  the  in-plane  (axial  and  circumferential)  and  rotary 
inertias  can  have  a  significant  effect  in  lowering  the  breathing  natural  fre¬ 
quencies  of  vibration  of  shells,  particularly  for  stiffened  shells.  Eccentricity 
of  the  stiffeners  also  alters  the  frequency  spectrum  considerably.'  Of  all  the 
possible  stiffener  configurations  considered,  internal  rings  yielded  higher 
frequencies  compared  to  other  configurations  and  stringers  when  attached 
internally  or  symmetrically  could  yield  frequencies  lower  than  the  corresponding 
unstiffened  shell.  The  results  for  the  cases  analysed  "show  that  calculations 
treating  the  stringers  as  discrete  elements  have  little  advantage  over  those 
with  the  stringers  treated  as  smeared  even  for  sparsely  spaced  stringers.  The 
results  shown  for  n  •  Ki.e.  sway  oscillations)  in  Fig.  4  from  a  detailed 
analysis  using  shell  theory  could  also  have  been  obtained  with  very  little 
error  from  "engineers  beam  theory". 


This  latter  theory  haa  had  wide  application  to  beam-type  static  and 
vibration  problems  and  one  interesting  such  application  is  reported  in  Ref.  33. 
This  shows  how  an  18%  increase  in  base  bending  moment  can  occur  in  a  typical 
large,  liquid-fuelling  booster  vehicle  due  to  the  interaction  of  Inertia 
(gravity)  forces  and  lateral  wind  forces.  Whilst  this  analysis  dealt  specific¬ 
ally  with  static  loadings  ii  should  b  '  noted  that  similar  effects,  e.g.  of  the 
inplane  gravitational  forces  on  the  natural  frequencies  and  of  the  additional 
inertia  force  bending  moments  due  to  lateral  deformation,,  should  be  considered 
in  dynamic  wind  load  studies. 

5_.  Wind  Tunnel  Ovalllng  Studies 

The  design  of  experiments  to  simulate  /ailing  in  a  wind  tunnel  requires 
that  the  normal  rules  of  aeroelastic  modelling  be  obeyed  as  far  as  possible.  A 
general  discussion  of  scaling  is  given  in  Ref.  26  and  Ref.  23  discusses 
scaling  as  it  applies  to  vortex  shedding  induced  vibrations. 


In  general  the  main  requirement  is  for  geometric  similarity,  viz.  the 
same  values  for  model  and  prototype  of  Va;  a/h,  etc. 


The  corresponding  ovallina  frequency  w 
wa  ec  (  |  )  (  ~  ) 


is  then  given  by 


(3) 


25a  7 


and  if,  from  eqn.  (2) 
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it  is  seen  that, 
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Therefore  for  -  geometrically  scaled  model  of  the  same  material  one  Mould 
expect  the  same  value  of  V  provided  r  is  also  invariant.  Unfortunately, 
the  Reynolds  No.,  i.e. 


(4) 


(5) 


will  vary  from  model  to  full  scale  according  to  the  parameter  —  and  if  js  ia 
invariant  there  is  a  direct  scaling  error  in  R„  and  possible  * 
an  error  in  SN.  If  a  compressed  air  or  other  tunnel  is  used  which  can 
reproduce  the  full  scale  Reynolds  No.  whilst  keeping  V  the  same  then  the  value 
of  dynamic  pressure  will  be  in  error  so  that  even  if  the  material  and  the 
damping  is  the  same  for  model  and  full-scale  the  ratio  of  £V2/E  will  vary. 


All  ovalling  tests  to  date  by  the  present  author  have  been  made  in  an 
atmospheric  wind  tunnel  using  aluminium  shells  rather  than  steel  as  in  the  full- 
scale  structures.  This  change  of  material  did  not  significantly  affect  eqn.  (3) 
since  (E/f  )*  is  approximately  rhe  same  for  both  metals.  However,  with  V  being 
the  same  for  model  and  full-scale  the  value  of  QV^/t  is  obviously  3  xc 
as  large  with  the  aluminium  model  as  for  the  steel  full  scale  structure  and  one 
might  anticipate  that  a  lower  V  might  havi  been  obtained  as  a  result. 


In  fact  the  full  scale  structure  ovailad  at  a  speed  corresponding  to  r  »  1 
in  eqn.  (4)  whereas  the  model  structure  availed  at  a  much  lower  speed  with 
r  ■  3.  This  single  result  would  indicate  that  V  is  a  function  of  (E/<*V^).  It 
should  also  be  mentioned  that  photographs  (e.g.  Fig.  5/  and  film  taken  during 
these  model  tests  show  an  ovalling  pattern  nforming  to  Fig.  3(c)  or  (d),  i.e. 
where  r  «  1  or  3.  These  records  also  indicated  very  large  amplitude  oscillations 
of  the  order  of  10%  of  the  diameter  and  low  fatigue  life. 


Further  tests  have  since  been  made  on  shells  of  smaller  L/a  and  as  expected 
it  was  found  that  breathing  oscillations  occurred  in  the  lowest  modes  correspond¬ 
ing  to  values  of  n  -  3  and  above.  The  evidence  to  date  for  sub-critical 
flow  suggests  that  the  amplitudes  of  oscillation  likely  to  be  experienced  in  the 
high  n  modes  should  be  small  as  the  correlation  between  the  circumferential 
modal  shapes  and  the  unsteady  pressure  distribution  (  as  shown  in  Paper  28  of  Ref .3 
for  a  rigid  cylinder)  should  be  weak.  However,  whether  this  will  be  so  for 
supercritical  flow  or  whether  at  any  Reynolds  No.  'locking  in'  of  the  flow  to  the 
breathing  vibration  mode  can  occur  as  for  swaying  oscillations  remains  to  be 
determined.  It  is  clear  however  that  further  research  is  needed  on  these  topics 
for  both  civil  engineering  and  aerospace  engineering  applications.  Supercritical 
Reynolds  No.  ovalling  tests  are  planned  for  September  1969  as  are  more  aubcritical 
tests  with  both  steel  and  aluminium  models.  These  will,  it  is  hoped,  give 
further  useful  information. 


6.  Conclusions 


The  nature  of  vortex  shedding  and  of  the  associated  dynamic  instabilities 
of  circular  cylindrical  shell  structures  have  been  discussed.  Special 
attention  has  been  paid  to  swaying  and  ovalling  oscillations  of  such  structures 
and  recent  experimental  data  considered. 

The  ovalling  oscillations  were  seen  to  be  of  large  amplitude  sufficient  to 
cause  rapid  fatigue  and  clearly  much  more  research  is  needed  into  those  structural 
design  cases  which  involve  circumferential  modes  of  vibration. 

Methods  of  analysis  to  determine  these  vibration  modes  have  bean  outlined 
and  the  efficacy  (or  otherwise)  of  various  types  of  stiffening  discussed. 
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FIG.2,  alternative  relationships  between 

BENDING  OSCILLATIONS  &  VORTEX  SHEDDING. 
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FIG.3  ALTERNATIVE  RELATIONSHIPS  BETWEEN 
OVALLING  OSCILLATIONS  &  VORTEX  SHEDDING. 
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FC4  CLAMPED -FREE  »€LL  FREQUENCY  ENVELOPE 
(a^»  200,  ff*03) 
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Notation 


a 

d 

E 


n 

N 


r 


V 

w 


radius  of  circular  cylindrical  shell  (ft.) 

diameter  of  circular  cylindrical  shell  (ft.) 

2 

Young's  Modulus  of  material  (lb/in  ) 
thickness  of  circular  cylindrical  shell  (ft.) 
length  of  circular  cylindrical  shell  (ft.) 
number  of  circumferential  waves 
vortex  shedding  frequency  (hertz) 
number  in  eqn.  (2) 

Reynolds  No.  »  dV/y 
Strouhal  No.  »  Nd/V 
velocity  (ft. /sec.) 
natural  frequency  of  shell  (hertz) 


<r 

v 

h> 


density  of  shell  material  (slug/ft.3) 

density  or  air  (slug/ft.3) 

2 

kinematic  viscosi  _y  (ft.  /sec.^ 

o 

non-dimensional  frequency  parameter  ■  <T a  (1 
Poisson's  ratio 
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SUWtAKY 


-  n  doninijit  roll  in  the  design  of  launch  vehicles  ia  played  by  the  atmospheric  distur¬ 
bances  encountered  during  flight.  A  widely  adopted  philosophy  to  derive  the  aerodynamic  loads  in¬ 
duced  by  these  atmospheric  disturbance#  ia  that  of  considering  the  distribution  of  the  atmospheric 
air  velocity  field  as  a  quasi-steady  horizontal  component  (wind  profile)  with  superimposed  unstea¬ 
dy  fluctuations  (gust). 

-  In  this  note  the  results  of  tho  studies  performed  by  FIAT  for  the  definition  of  the 
design  gust  velocity  to  be  adopted  in  the  calculations  of  the  lateral  dynamic  loads  acting  on  the 
£UK>  a  Vehicle  during  .light  will  be  reported. 

-  The  problem  of  the  guet  is  treated  fro*  a  statistical  point  of  view,  defining  a  gust 
-eloeity  not  to  he  enct.  id  during  all  the  flight,  with  a  given  .  robability  of  occurrence!  on  the 
basis  of  world  wide  statistical  data  of  vertical  gust  velocities,  the  probability  to  encounter  du¬ 
ring  *  givew  flight  trajectory  a  gust  of  assigned  intensity  has  been  evaluated.  The  total  probabi¬ 
lity  is  ot . aimed  through  integration  along  an  assigned  trajectory  of  the  frequency  distribution 
consonants  In  which  the  turbulence  has  been  subdivided. 

-  The  two  dimeneional  gust  velocity  frequency  distribution  to  be  adopted  in  the  design 
of  Space  Launch  Vehicles  has  been  derived  from  data  relative  to  vertical  gust  measured  by  aircraft. 
The  Intensity  of  tne  gust  which  has  a  given  probability  to  occur  during  an  assumed  trajectory  is 
reported  in  a  series  of  charts,  that  may  be  used  both  for  the  design  and  the  pre-launch  checks 
procedure  uf  Space  Launchers. 
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Dott.Ing.  E.AIbaneme,  Oott.  F-Devilcoqua,  Dott.Iag.  E.Vallerani 
FIAT  -•  Sivisione  Aviazione  -  TORI  AO  -  ITALIA 


1.  I STRODUCTORY  RKHARKS 

During  the  ascent  trajectory  through  the  atmosphere  a  Satellite  Launch  Vehicle  nay  be 
subjected  to  the  actions  of  atmospheric  disturbance#  that  significantly  contribute  to  increase  tbs 
aerodynamic  leads,  as  well  as  to  aggravate  the  vehicle  control  p rot-leas. 

The  mechanism  of  the  atmospheric  disturbances  ia  very  complex  due  to  the  random  nature 
of  the  air  motion,  that  is  caused  by  a  wide  number  of  variables;  nevertheless  the  aerospace  vehicle 
designers  have  felt,  since  long  time,  the  need  to  schematize  these  phenomena  in  a  way  suitable  for 
the  evaluatif  i  of  their  indications  on  the  vehicle. 

Thf  deficiencies  connected  with  the  methods  usually  adopted  to  detect  the  distribution 
of  the  atmospheric  velocity  field,  methods  that  smooth  most  of  the  gustnass  since  perform  measure¬ 
ments  of  wind  velocity  averaged  over  a  time  period,  have  lead  to  the  subdivision  of  the  atmosphe¬ 
ric  disturbances  into  a  quasi— steady  mean  horizontal  wind  component,  named  wind  profile,  to  which 
are  superimposed  the  unsteady  fluctuations,  named  gusts. 

A  synthetic  wind  profile,  statistically  representative  of  a  multitude  of  wind  profiles 
measured  in  a  given  place  during  f  given  period  in  which  the  launch  is  expected  to  occur,  ought  be 
obtained;  in  absence  of  more  circumstantial  information  the  well  known  Slsmiwine  wind  profile  is 
usually  assumed  for  preliminary  design  pourposes. 

The  very  time  dependent  unsteady  fluctuations  in  wind  speea,  not  included  in  the  wind 
profile,  are  taken  into  account  through  the  adoption  of  a  discrete  gust  that  should  be  statistically 
representative  of  the  local  and  temporal  atmospheric  conditions. 

To  the  loads  determined  assuming  the  synthetic  wind  profile,  are  to  be  oupariipoaed  the 
loads  due  to  the  gusts;  the  mr  hods  adopted  for  adding  up  these  loads  are  not  yet  standardized  and 
are  related  to  the  general  design  philosophy  adopted  for  each  vehicle.  In  the  present  note  orly  the 
magnitude  of  the  discrete  gust  velocity  occurring  with  a  given  probability  during  the  entire  flight, 
(to  be  adopted  in  the  design)  will  be  discussed  and  not  the  methods  to  derive  the  loads  induced  on 
the  vehicle  and  the  way  in  which  theae  loads  are  combined  with  the  other  aerodynamic  loads. 

A  different  more  detailed  approach  for  dealing  with  the  atmospheric  air  unsteady  fluc¬ 
tuations  la  the  continous  turbulence  approach  utilized  in  connection  with  random  process  techniques 
to  calculate  the  response  of  a  vehicle  structure  in  terms  of  the  power  spectra  density  of  turbulen¬ 
ce  encountered  during  flight;  this  method,  of  more  modem  conception  gives  undoubted  advantages  of 
completness  in  the  spectral  description  of  the  loads  induced  on  the  structure  but  requires  t 
knowledge  of  the  phenomena  of  more  difficult  acquisition. 

In  the  present  note  a  method  la  outlined  to  define,  on  a  statistical  basis,  for  a 
given  trajectory  the  probability  to  meet  a  discrete  gust  with  a  velocity  intensity  Vg  greater 
than  an  assigned  value;  or,  converserly,  for  defining  a  guat  velocity  intensity  (Vg)  not  to  be 
exceeded,  during  a  given  trajectory,  with  an  assigned  probability  p  %  .  ** 

The  use  of  such  approach  is  justified  in  the  framework  cf  a  general  design  philosophy 
based  on  an  assumed  probability  of  launch  success;  this  lilies  the  assumption  of  a  given  goat  ve¬ 
locity  value  (design  gust)  having  an  assigned  probability  of  not  being  exceeded  during  the  overall 
flight,  that  meets  such  requirement  such  design  gust  is  supposed,  for  conservative  purposes,  to 
occur  at  any  time  during  flight  in  a  plane  perpendicular  to  the  vehicle  longitudinal  axis. 
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Ifiespa  oust  velocity  acoosbihc  to  probaeuty  of  occuRHawa 

It.'  ouryoa*  of  tha  present  note  is  tbs  evaluation  of  tbs  design  gust  velooity,  that  is 
to  m y  tbs  gust  velocity  having  sn  assigned  probability  of  not  being  exceeded  during  tbs  entire 
flight  of  a  vehicle?  this  evaluation  is  accomplished  on  statistical  basis  considering  the  frequen¬ 
cy  distribution  of  gust  velocities  G(Vg)  defined  as  the  iversgs  nuaber  of  gusts  per  unit  path 
langht  exceeding  a  given  values  of  gust  velocity  Vg. 

The  appropriate  distribution  of  G(Vg)  is  greatly  dependent  on  the  atmospheric  condi¬ 
tional  therefore  is  useful  to  separate  the  air  turbulence  distribution  into  several  ooaponentas  two 
■sin  ooapooants  are  conventionally  assured  t  tbs  "atom  turbulence"  an  the  "clear  air  turbulence". 
The  fforojer  is  ooeneoted  with  the  severe  conditions  present  in  tbunderatom  and  later  tilth  the  con¬ 
ditions  relative  to  ooderately  rough  clear  air.  These  two  types  of  turbulence  are  coabined  in  dif¬ 
ferent  proportions  with  the  nan  turbulence  (still  sir)  condition  according  to  the  eiseion  s..d  the 
type  cf  vehicle  under  eeneidsratlon)  for  special  classes  of  Launch  Vehicles  only  the  clear  air 
aeapooenta  wist  he  accounted  for. 

Sven  if  several  parameters  are  expected  to  influence  the  frequency  distribution  of  each 
coponsnt,  such  ae  altitude,  latitude,  launch  site  orography,  eaaecn  of  the  year,  up  to  now  no  ay- 
stenetic  dependence  has  been  found  oxoapi  for  the  altitude.  The  thscnique,  acre  widely  adopted  to 
detcnalno  that  dependence  of  the  frequency  didtribution  of  the  gust  velocities,  is  baaed  an  the 
■eesureeMBte  cf  the  vertical  accelerations  experienced  by  an  aircraft  during  horizontal  flight)  by 
this  aatbod  therefore  only  the  vertical  coaponents  of  the  gust  velocity  distributed  at  randon  res¬ 
pect  to  all  direction*  is  ascertained. 


The  rapreaantation  cf  the  altitude  influence  on  the  gust  velocity  frequency  distribu¬ 
tion,  that  ia  derived  fro*  ouch  type  of  w  wremate,  ie  given  by  a  aua  of  distribution  cxwponenta 
of  exponential  type 

G  (Vj.z).  1,0,  B,  {x)#xp[-f,  (Zj  •  Vg]  Eq.  1 

where?  0{  ie  the  average  nunber  of  gust  peak  per  unit  path  lenght  (l  Km)  relative  to  the  i-th 
oosponsat. 

8,(z)ie  the  proportion  of  the  unit  path  lenght  in  which  the  i-th  distribution  component  ie 
expeoted  to  occur. 

f,(z)is  a  function  expressing  the  influence  of  the  altitude  cn  the  i-th  distribution  conponeSt. 

The  atill  air  condition  ('  •  0)  ia  obviously  characterized  by  a  *0  and  ?  *  1  -  Zi  Pi 

o  o  1  * 

Relatively  to  the  ache  estimation  of  the  sir  turbulence  previously  reported,  only  two 
ooapcnanta  are  aeeunad  nanalyi  clear  air  turbulence  (i  -  l)  and  store  turbulence  (i  »  2). 


Several  problems  require  the  knowledge  of  the  projection  of  the  three  dinensional  gust 
velocity  frequency  distribution  into  a  plane  normal  to  tha  flight  path)  not  being  readily  available 
tip  to  now  these  inf  creation,  uva  has  been  eade  of  the  one  di  tension  ataoepharlo  turbulence  data  ob- 
hdM  free  airplsn*  operations  suitably  transformed. 

Tha  assuaption  cf  spatial  isotropy  of  tbs  atmospheric  turbulence  (l),  (2)  allows,  In 
OQBMOti on  with  the  Methods  developed  by  Pine  (3)  and  generalized  by  Bullen  (4),  the  transfomation 
free  the  vertical  gust  distribution  to  a  plana  distribution.  According  to  such  Method  if  a  cue  di- 
■Bnalonal  ouasiletive  frequency  distribution  projected  fron  a  three  dlnanslnal  distribution  is  of 
exponential  typei 

r  i  2  1/2  1/2 

Cost  txp[-x]«  Colt  X  K1/2(x)  Eq.  2 

then  tha  projected  cuaulatlvo  frequency  distribution  in  two  distension  is 
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Cost’  x  -  K^  (x) 


M 


Bq*  3 
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being Kt(X)the  nodified  Bessel  function  of  order  J  defined  by  Ha* top  (5). 

The  increase  in  the  frequency  distribution  in  passing  frog  a  one  diamasional  to  a  two 
diwsnstonxl  treateaant  may  be  expressed  by  the  magnification  factor 

ft 

Y  *  s  *■  ®xp  [*]  (*)  * 

The  trend  of  auch  function  computed  fro*  the  table*  reported  in  (5)  ia  shown  in  Fig.  1. 

Aj  ,  '.yin'  the  above  tran*f creation  to  each  ei  the  diatributior.  frequency  components,  the 
generalized  t*!>  dimensional  distribution,  derived  fro*  the  one  dimensional  (eq.l),  toms  out  to  wi 


»» 


('•».*)  *£j 


,  B,  ( *  ) .  f,  (*  )-  Vg  Kt  (*•  (2)Vg) 


For  the  generalized  frequency  distribution  the  magr. '  f  icatirn  factor  previously  intro¬ 
duced  turns  out,  under  the  aseuaption  of  no  correlation  among  tfce  distribution  ccsponsnfs  to  be 
exornsaed  by  the  relation: 


y  (Vfl  Z)  .  (Vfl  2}  s  Z  fli  8i  Bq-  6 

8  G#  (Vg.z)  Z  j  o?  B,  (2)  txp[-f|(S)*V|] 

For  any  assigned  gust  velocity  value  Vg  ,  knowing  the  above  motioned  distribution 
frequency  functions  (Eq.l  and  Eq.5),  the  probability  to  met  along  an  assigned  flight  -'Mi  a  gust 
with  an  Intensity  equal  or  higher  than  Vg  ,  can  be  determined  on  the  basis  of  the  ti  rectory)  ouch 
probability  is  obtained  integrating  the  distribution  frequency  G(Vg,Z)  over  the  trajectory  path! 


?L  (Vg )  »  /L  G.(Vb.z)  dL  ? 

In  general  the  evaluation  of  the  above  line  integral  (Eq.7)  cannot  be  perfoowd  anali- 
ticslly  due  to  the  cosplesoity  of  the  integrand  and.  for  cosplex  trajectories,  also  of  th»  path  of 
integration)  anyway  ita  evaluation  can  be  acco^liched  by  mana  of  numricel  eathode. 


It  would  be  desirable  to  have,  for  the  launch  site  of  interest,  the  collection  of  tbs 
information  of  the  measurements  of  the  vertical  gust  velocities,  performed  during  a  given  period 
of  the  year,  in  order  to  derive  frequency  distribution  of  the  gust  in  the  form  prevously  di sou seed 
(Eq.l)  to  be  utilized  in  the  present  set hod  for  the  definition  of  the  design  gust  velocity. 

In  absence  of  the  specific  information  resort  is  usually  made  to  the  information  on 
atmospheric  turbulence  relative  to  world  wide  statistics  such  as  the  one  reported  by  Press  and 
Steiner  (6)  vb.  over  the  altitudes  up  to  about  18  Ka  (  **  60  Xfeet.). 

The  amplified  model  used  in  ref. 5  to  describe  the  turbulent  one  introduced  by 

He  Dougal  et  alii  (7)  that  considers  two  typea  of  turbulence  termed  "storm  turoulonce"  and  "nan 
storm  or  clear  air  turbulence")  the  frequency  distribution  obtained  by  Preas  and  Steiner  for  them 
two  typos  of  gust  distribution  are  : 

ator*  51  (Udt)  «  20  «xp  [-Udf/2,2  Kj  8 

non  storm  •  15  txp  Ud#/  54  K^J  Eq.  9 

The  6^  and  distributions  are  frequency  distributions  per  mile  of  flight  defined  as 
function  of  the  derived  guat  velocity  Ugt  expressed  in  ft/ sac.)  the  intensity  parameters  K,  and 
Kj  ,  variable  with  altitude  are  reported  in  fig. 2  of  ref. 6. 


The  ore r ell  gust  distribution  proposed  in  ref. 6  is  therefore  given  byi 

S  B,  ...  [-uit  /M  K,]*«B,  .xp[-u<t/t.3  Kj]  sif.io 

being end Bj the  appropriate  proportions  of  flight  distsnoe  flown  respectively  in  non-storm  and 
atom  turbulence;  these  values,  variable  with  altitude,  are  reported  In  fig.  4a,  4b  ox  ref.6j  the 
extinction  of  such  values,  especially  b2  is,  as  discussed  by  lr«aa  ar.d  Steiner,  very  crude  end  ie 
based  on  several  assumptions  and  extrapolationa  that  need  further  confirmation.  In  absence  of  more 
detailed  data  we  will  assume  nevertheless  these  values  for  our  analysis. 


The  distribution  reported  by  Press  and  Stainer  (Rq.10)  falls  within  the  general  ton 
at  eq.  1 1  transforming  the  units  and  introducing  the  true  sir  speed  instead  of  the  equivalent  de¬ 
rived  velocity,  the  following  values  to  be  inserted  into  sq.  1  are  found! 


f  Olj  ■  10.1 


fi  (Z) 


3-21  Vj 

2.2  Ki 


f2  m 


3.2*  Vi 

1.3  K2 


The  variations  tilth  altitude  of  the  parameters  Kj  ,  K2  ,8^  and  9j  to  be  used  in  connection  with 
eq.l  and  5,  obtained  frost  ref. 6,  ere  reported  in  fig. 2,  while  the  computed  variations  off)(Z)and 
tj(Z)  with  altitude,  arm  reported  in  fig.3> 


The  one  and  two  dismasianal  fr  quency  distributions  per  Xilomster  of  path  length 6s(Vg,l) 
mdSgg(Vg^)of  the  gust  velocity  Vg, evaluated  on  the  basis  respectively  of  eq.  1  and  eq.  5, 
assuming  tbs  two  components,,  jupposted  by  Press  sod  Steiner  (6)  are  plotted  ss  a  function  at  velo¬ 
city  and  altitude  in  figs.  4  and  5  respectively. 

It  can  be  observed  from  the  results  reported  in  fig  4s  and  4b  that  for  the  low  va- 
luas  at  the  gust  velocity  Vg  the  elope  of  the  curves,  wathever  the  altitude,  is  steeper  than  for 
the  higfawr  gust  velocity  values.  This  is  connected  to  the  fact  that  the  frequency  distributions  at 
the  low  velocities  are  dominated  by  the  clear  ai-  turbulence  component,  that  having  a  value  of  the 
altitude  function  f  higher  than  the  storm  component  (f^»f2  ***-  fig-3)  more  rapidly  decades, so 
that  for  the  higher  gust  velocities  only  the  storm  cosponant  influences  the  frequency  distribution; 
in  the  range  of  intermediate  gust  velocities  both  the  components  give  the  name  contribution  to  the 
frequency  distribution  a.  .hi.  fact  determines  the  characteristic  shape  of  the  curves  in  the  aeei- 
logerithelc  plane  that  are  formed  by  two  straight  lines  connected  by  s  curve. 

The  higher  frequency  values  fall  in  the  filtituda  range  from  7  to  11  Km.  where  also  tbs 
Sissinwine  wind  profile  reaches  the  easiisis  value  at  for  all  velocities  st  an  altitude  of  9  Km.  e 
nasi  ms  is  reached. 

The  magnification  factor  y  relative  to  the  transformation  of  the  clear  air  turbulen¬ 
ce  component  of  the  gust  velocity  frequency  distribution  passing  from  s  one  dimensional  to  a  two 
dimensional  Ueatment  results,  whatever  the  a.  .itude  and  velocity,  greeter  than  the  corresponding 
factor  Vg  relative  to  the  storm  turbulence  coeponent. 

The  values  at  the  overall  magnification  factor  Y  (Vj^*)defined  by  eq.6,  are  reported 
in  fig.  6)  from  the  performed  computations  it  has  beep  observed  that  for  gust  velocities  higher 
than  shout  10  m./aec.  this  value  is  almost  coincident  with  tbs  y  j  value  relative  to  the  storm 
turbulence  ooapenant,  while  st  lower  velocities  it  ie  influenced  by  both  the  components. 

The  general  trend  for  velocities  greater  than  10  m./ssc.  is  character iasd  by  an  increa¬ 
se  of  y  for  increasing  vulooitlea  mad  s  decreasing  altitude;  in  the  low  velocity  range  the  trend 
is  oo^liostsd  by  the  different  contribution  at  both  the  frequency  distribution  components. 
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The  probability  P  to  net  a  gust  haring  a  velocity  higher  than  an  assigned  value  ?g 
during  a  vertical  path  ranging  from  sea  level  up  to  a  given  altitude  Z  has  been  calculated  on  the 
basis  of  the  ane-dimanaianal  and  two-dimensional  distribution  functions  G*  and  the  results  are 
reported  in  fig.  7»  and  7b  respectively. 

The  al-ve  results  can  be  also  applied  to  r>  tilinear  trajectories  intoducing  a  constant 
factor  equal  to  the  inverse  of  t'  cosine  of  the  angle  stwean  the  rectilinear  trajectory  and  the 
vertical. 


Fron  figures  7a  and  7b  it  can  be  o served  .at,  whatever  the  gust  velocity,  the  contri¬ 
bution  to  the  probability  P  given  by  the  frequency  istrlbetion  relative  to  the  altitudes  above 
around  14  -  15  Km  (except  for  the  highest  velooitia  is  quite  snail.  The  condition  P>1  correspond, 

by  definition,  to  the  certainty  of  nesting  during  *  ,  flight  s  gust  velocity  Vg. 


These  charts  can  be  used  for  the  choioe  of  the  deaipi  gust  velocity)  s  given  probat  Xity 
of  occurrence  ia  aaauaed  and,  in  connection  with  the  flight  path,  the  associated  guat  velocity  is 
found. 


If  the  probability  of  1 %  ia  selected  aa  a  design  criterion  and  a  vertical  path  fron  0 
to  23  Kb  is  choosen,  the  design  guat  velocity  Vg  -  7,4  n/eec,  assuring  a  one-dimensional  frequency 
distribution,  and  Vg  -  9,5  e/sec,  assuming  a  two-dimensional  frequency  dbtri button,  is  found. 


3.  EESIGN  GOST  VELOCITY  SELECTION  FOR  ELDO  -  A  SATELLITE  LAUNCH  VEHICLE 

FIAT  Aviation  Division,  under  request  cf  ELDO  (European  Launcher  Development  Organisa¬ 
tion)  ,  has  developed  tome  studies  to  determine  the  Design  Gust  Velocity  value  having  the  1%  proba¬ 
bility  of  occurrence  during  the  entire  flight  of  the  ELDO  -  A  Vehicle  (8). The  work  performed  for  the 
ELD!  TD/B12  haa  offered  to  the  authors  the  opportunity  to  develop  the  more  unified  tremtaact  of  the 
design  gusi  velocity  definition  reported  in  the  present  note)  we  briefly  report  hereafter  the  basic 
considerations  and  the  results  of  such  work  done  for  the  ELDO  -  A  Vehicle. 

in  absence  of  gust  iata  relative  to  the  Wooners  (Australia)  launch  site,  the  date  of 
reference  6  relative  to  the  frequency  distributions  have  bean  adopted. 

The  trend  of  the  dynamir  pressure  curve  relative  to  the  ELDO  -  A  Vehicle  flight  trajec¬ 
tory  and  of  the  Si as in wine  wind  profile,  versus  altitude,  have  suggested  the  possibility  to  neglect 
the  contribution  brought  by  the  low  and  high  altitude  ranges  to  tbs  probability  of  encountering  a 
gust  of  tn  aesipied  velocity. 

It  can  be  observed  in  fact  frees  the  curves  reported  is  fig. 8,  that  below  about  6  Em  sou 
above  tbout  18  Km  the  values  of  the  dynaaio  pressure  q  do  not  exceed  the  00$  of  qmax  sad  the 
value  of  the  wind  velocity  ia  strongly  reduced  with  respect  to  its  maximum.  This  justifies  the  possi¬ 
bility  to  limit  to  s  reduced  altitude  range  the  investigation  relative  to  tbs  probability  of  masting 
a  gust  velocity  inducing  critical  loads  on  the  vehicle  structure. 

It  has  been  obeerved  thet  the  gust  velocity  connected  with  1%  probability  doss  not  vary 
significantly  for  the  three  vltitude  ranges  considered  in  the  parametric  study  and  reported  in  fig.8. 

The  influence  at  a  magnification  factor  with  a  value  2  <  V  <  3  has  bean  analysed  to 
offer  s  parametric  investigation  around  the  value  of  ^  i  2.51  suggested  by  Fine  (3)  in  ocnoectloo 
with  straight  flight  paths  having  different  slopes  with  respect  to  the  vertical. 

The  results  of  this  parametric  investigation  are  reported  in  fig. 9  for  the  three  altitu¬ 
de  ranges  choosen  and  are  cospared  with  the  corresponding  curves  deduced  from  the  more  accurate 
analysis  reported  in  the  previous  paragraph. 
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The  influence  of  the  slope  of  the  trajectory  is  quite  anil  even  if  angles  up  to  45* 
hare  be  investigated,  that  aeans  that  the  flight  path  deviation  from  the  vertical  is  not  very 
signifies. 


The  comparison  reported  in  fig,  9  convalidates  the  assumption  usually  aade  of  $“2.5  » 
the  resulting  gust  velocities  with  a  probability  of  occurrence  of  the  1#  in, the  altitude  range  in¬ 
vestigated  lies  between  8,5  and  9  a/ sec. 

On  the  basis  of  these  results  a  value  of  9  a/sec  has  been  proposed  as  design  gust  ve¬ 
locity  for  the  ELDO  -  A  Vehicle. 


4.  OONCUJSIOMS 

Tlie  asthod  exposed  in  the  present  note  enables  a  rapid  evaluation  of  the  gust  velocity 
associated  with  an  assisted  probability  to  be  adapted  in  the  design  of  apace  launch  vehicles. 

Considering  the  scarce  influence  of  he  trajectory  slope  with  respect  to  the  vertical, 
the  probability  curves  P*e  (fig.  7b)  relative  to  a  vertical  flight  path,  offer  a  sufflcently  good 
approximation  of  the  probability  function  P  associated  with  a  general  trajectory  of  a  launch 
vehicle. 


Assuming  a  one  per  cent  probability  of  nesting  a  gust  velocity  along  the  entire  tra¬ 
jectory,  the  corresponding  gust  velocity  is  about  9  a/ sec. 

Tbs  esthod  is  suitable  for  including  sore  realistic  frequency  distributions  provided 
they  are  given  In  the  fore  of  exponentials 
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7.  SYMBOLS 


Of 

Bi 

h 


i  the  average  nuaber  -vf  gust  peak  per  unit  path  length  (l  in)  relative  to  the 
i-th  component. 

i  th*  proportion  of  the  unit  path  length  in  which  the  i~th  distribution  ocet- 
penent  is  expected  to  occur. 

i  a  function  expressing  the  influence  of  the  altitude  on  the  i-th  distribution 
component. 


G(Vg.Z), 

K, 

L 

PL(Vg)  • 

Vg  . 

(Vg)p  , 

2 

f 

<r 


frequency  distribution  of  gust  velocities. 

Modified  Bessel  function  of  order  J  . 

Path  of  integration  . 

Probability  to  Meet  along  the  path  L  a  gust  with  intensity  higher  than  Vg. 
Gust  velocity  (s/aec). 

Gust  velocity  associated  to  probability  of  occurrence  P. 

Altitude  (  la  ) | 

Magnification  factor  (see  Eq.  4). 

Ratio  of  free  streaa  density  to  sea  level  density. 


Suffixes, 


*> 

** 

0 

1 

2 


t  Conditions  relative 
■  Condition#  relative 
i  Conditions  relftive 
>  Conditions  relative 
t  Conditions  relative 


to  the  one  -  dimneional  distribution, 
to  the  two  -  diaaneicnal  distribution, 
to  still  air. 

to  non  store  (clear  air)  turbulence, 
to  store  turbulence. 


4  e  •  to  12  u  is  Z  [Km] 
Fig.  5  b  -G»,(Vg  ,Z)  two  -dimensional  diMribution 
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AdrodyEamique  dee  parole  perfordea;  Application  au  projet  d’dcrana 
de  protection  contra  le  vent;  Etude  du  fonctlonement  de  eea  dcrane 


par  Jacques  Valenai  et  Jean  Rebont 

Inatitut  de  Mdcanique  des  Fluidea  de  l'Univeraitd  d'Alx-Maraeille,  France 


Aferodynamigue  des  parois  perfordes;  Application  au  projet  d]dcranfe  de  protection 
coni  re  le  vent;  Etude  du  fonctionaement  de  ees  dcrana 

par  Jacques  VALENSI  et  Jean  REBOOT  (s) 

Institut  de  Mdcanique  des  Fluides  d«>  l'Univereitd  d'AIX-MAllSEZLLE 


1.  Le  probldme  de  l'adrodynamique  dee  paroia  perfordes  se  pose  dans  (  i 
nombreuses  applications,  notam  ent  dans  l1  etude  du  projet  et  du  comportement 
des  parachutes  ainsi-que  dans  l1  etude  des  derails  destines  &  protdger  un  espace 
determine  des  actions  du  vent. 

Q  eat  rendu  compte  ci-aprda  deb  rdsultats  d'essais  sysldmatiques  qui  ont 
etd  conduits  &  l'Institut  de  Mdc?  nique  des  Fl’tidea  de  Marseille  d*s  1952  en  vue  de 
determiner  lea  propridtes  adredynamiquea  d'une  bande  po reuse  inddflnie,  exposde 
&  un  courant  d'air  stationnaire,  de  vLiase  uniforme  4  l'infini,  normals  au  plan  de 
la  bande  (3)  (4),  Un  calcul  thdorique  a  dtd  exdcutd,  qui  a  perrais  d'atteindre 
1'expression  du  coefficient  de  trainee  adrodynamique  de  la  bande,  par  unite  de 
longueur,  en  fonction  de  sa  porositd  adrodynamique  et  dgalement  en  fonction  de  sa 
porositd  gdomdtrique  (1)  (2). 

Ces  diffdrentes  acquisitions  ont  re$u  diverses  applications,  en  particulier 
dans  l't-tablissement  du  projet  d'un  mur  pare-vent  inetalld  en  1954  dans  le  port  de 
Marseille  en  vue  de  pn.  ;dger  dee  actions  du  vent  les  navires  &  quai  et  en  coura 
d'accoatage  (5),  ainsi  que  tout  rdeemment  dana  l'dtablissement  du  projet  d'dcrans 
destinds  4  protdger  des  actions  du  vent  des  zones  d  'habitation  (6). 

2.  Coefficient  de  resistance  4  l'avancement  d'une  bande  po  reuse  inddfinle 

2. 1.  Mesures 

Les  mesures  ont  dtd  effectudes  en  soufflerie  sur  une  bande  dc 
hauteur  h  *  15  cm,  traversant  la  section  de  la  veine  d'essais.  Dans  sa  parti e 
mddiane.  une  portion  de  la  bande  *  dtd  rendue  inddpendante  du  reete  de  la  bande, 
de  fa$on  k  permettre  les  mesures  de  trainee.  L'dcoulement  -*s  cette  portion, 
disposde  symdtriquement  par  rapport  au  plan  vertical  de  symetrie  de  la  veine,  ee* 
bidimensionnel;  autrement  dit,  lea  mesures  effectudes  caracidrisent  une  bande 
d'allongement  infini. 

Out  dtd  eesaydes  des  liandes  faites  de  toiles  mdtalliques  k  mailles  carrdes. 
de  diffdrentes  porositds  geomdtrirues  (rapport  de  la  surface  projetde  des  vides  k  la 
surface  totale),  et  dgalement  des  bands 8  faites  de  idles  mince'  perfordes  k  trous 
ronds  disposes  en  quinconce,  de  diffdrentes  porositds  gdometriques.  Pour  ces  deux 
types  de  bandes  poreuses  et  dans  le  domaine  utilisd  des  vitesses  (  V  compris  entre 
10  et  30  ms"1  ),  le  Cx  eat  fonction  de  A  et  de  V  ,  mala  pour  un  A  donnd, 

tend  rupidement  vers  une  limite  lorsque  V  augmente,  A  dgalitd  de  A  et  de  V  ,  le 

d'une  toile  mdtallique  eat  diffdrent  de  celui  d'un*  »6'i#  perforde;  pourtant,  u  est 
possible  de  trouver  une  expression  tide  simple  peur  ie  limite  (fluide  incompres¬ 
sible,  nombre  de  Reynolds  rapportd  4  la  hauteur  de  la  bande  de  1  edre  de  piusieurs 
milliers)  ,  qui  reprdsente  avec  une  tr&s  bonne  approximatior  lea  rdsultats  des 
expdriences  et  qui  est  valable  ausei  bien  pour  les  toiles  mdtalliques  que  pour  lea  tdles 
perfordes.  II  suffit  pour  cela  d'introduire  ure  nouvelle  grandeur  meaurable,  la 


(x)  J.  Valensi,  Profcsaeur  4  la  Facultd  des  Sciences,  Directeur  de  l'Inatitut 
de  Mdcanique  des  Fluides  de  l'Universitd  d'Aix-Marseille 
J.  Rebont,  Ingdnieur  du  CNRS,  Chef  du  Bureau  J'Etudes  de  l'l.  M.  F.M, 
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poroaitd  adrodynamique  9  ,  qui  eat  ddfinie  par  le  rapport  du  ddbit  traveraant  la 
|  bande,  par  unit*  de  longueur,  au  produit  de  la  viteaae  V  de  l'air  4  1 'inf Ini  par  la 

haute.r  de  la  bonds. 

i  La  poroaitd  adrodyni&mique  peut  St  re  dgalement  ddfinie,  en  considdrant  le 

tube  de  courant  qui  s'appuie  aur  le  contour  de  la  bande,  cornme  le  rapport  de  la 
section  droite  &  l'infini  amont  de  ce  tube  de  courant  4  la  surface  de  la  bande  traversde 
par  le  courant. 

De  cette  fa;on  la  mcaure  de  la  poroaitd  peut  dtre  effectude  d'une  manidre 
prdciso  en  utilisant  la  mdthode  dee  fumees  raise  au  point  par  l'un  des  auteurs  11  y  a 
ddJ4  de  longues  anndes. 

Dans  le  caa  prdaenl  lea  meaures  aont  effectud*  a  dans  le  plan  vertical  de 
aymdtile  de  la  soufflerie  et  la  pr-o#itd  <7  eat  4 gale  av  rapport  de  la  hauteur  du  tube 
i  de  courant  &  I'araont  de  la  bande,  Ik  ot  la  viteaae  eat  pratiquement  unifonr.e  (  k  une 

distance  de  la  bande  dgale  it  environ  troia  foia  sa  hauteur),  k  la  hauteur  de  la  bande. 

On  trouve  pour  expression  de  *  2  (  1 -ff2  )  (fig.  4).  NatureLement  le  9  , 

dans  cette  expression,  ddsigne  la  poroaitd  limite  meaurde  pour  la  viteaae  V  as su rant 
au  Cx  unltaire  aa  valeur  limite. 

i  j  On  remarque  que  cette  expression  de  C  eat  thdorlquement  valable  dans  tout 

|  * 

le  domidne  de  variation  de  9 ,  de  0  k  1  ,  limit  es  comprises.  Pourtant,  dans  ce 

|  domains,  la  configuration  du  aillage  de  la  bande  varla  conaiddrablement,  comma  le 

moot  rent  lea  easair  de  visualisation  effectuda  en  u'llisant  deux  moyens  d'esaais 

different  a:  la  soufflerie  d'une  part,  un  tunnel  plat  hydrodynamlque,  d' autre  part. 

Lea  easaia  en  soufflerie  montrent  d’lilieure  que  pour  V  variant  entre  10  mi"1 
>  et  30  ms  -1  et  pour  des  bandes  de  hauteur  IS  cm,  le  caractdre  gdndral  du  aillage 

ne  ddpond  que  de  la  poroaitd  adrodynamique  de  la  buds. 

j  I 

i  ■  j  2. 2  C-ractdre  du  aillage  k  l'aval  d'une  bande  poreuaw 

Pour  une  bande  trds  poreuae,  on  observe  un  aillage  quasi  stationnaire 
analogue  k  celui  admla  par  Oaeen  pour  un  obstacle  plein  et  en  partlculier,  une  bande 
j..  plelne.  L'dcoulement,  irrotationnel  k  1‘ amont  de  la  bande  et  autour  de  la  bande  k 

I'extdrieur  du  aillage,  3 at  rotationnel  dans  le  aillage.  A  l'aval  de  la  bande  et  dans 
j  le  slllrge,  les  lignea  de  courant  <ievienr»v.nt  rectllignes  et  paralldles  &  la  direction  de 

la  viteaae  k  l'infini  amont,  sauf  aux  frontidres  oh  l'on  observe  une  couche  de  diacon- 
tinuit  enroulde. 

j  Pour  dea  bsndes  de  poroaitd  ddcroissante  le  Jillage  ae  transforme  en  un 

;  aillage  de  tourbillons  aiternda  empidtant  progressivement  sur  la  rdpion  calme 

j  immddlatement  k  l'aval  de  la  bande. 

•  !  La  transition  s'effectue  pour  un  9  voiein  de  0, 63.  CeB  caractdres  sont  blen 

mis  en  dvidence  pour  9  >  0, 5  par  lea  spectres  obtenus  au  tunnel  plat  hydrodynamique 
(fig.  1 )  et  4  la  soufflerie  pour  cr<0,6(fig.  2). 

La  frdquence  de  ddtachement  dea  tou rbiliona  aiternda  pour  une  vitesee  du 
courant  non  perturbd  donnde,  est  fonction  croissante  de  la  poroaitd,  iandis  que  le  paa 
des  tourbillons  est  une  fonction  ddcroiasante  de  la  poroaitd.  C'rat  ce  que  montre  la 
figure  3,  qui  reprdaente  la  frdquence  rdduite  dea  tourbillons  aiternda 

(  V  “  -~r—  oil  n  ddsigne  la  frdquence  en  cycles  par  seconds,  et  h  la  hauteur  de 

i  la  bande),  en  fonction  de  9 . 

|  On  peut  rapprocher  cea  demidres  observations  dea  obBervationa  faitea  par 

!  B.G.  de  Bray  (B)  4  l'aide  de  fils  chauds,  concernant  le  spectre  d'dnergie  des 

fluctuations  de  la  viteaae  dans  le  aiilage  de  plaques  poreuaea  carrdea.  Ddsignant  par 
v  la  composante  longitudinals  de  fluctuation,  il  vient  : 


La  fonction  V  F  (V  )  d'aprba  cet  auteur  passe  per  un  maximum  lorsque  A 
est  inf4rieur  4  0,4,  pour  V  &  0,115,  quel  que  soit  A  eompris  entre  0  et  0,4. 

£n  fait,  cette  valeur  de  V  correspond  4  la  moyenne  deg  frequences  rdduites  de 
detachement  des  tourbillons  al  femes  obienus  4  J'l.  M.  F  M. ,  pour  9  eompris  entre 
0  et  0, 67.  Conr.me  il  a  ete  dit  plus  haut  en  effet,  cette  frequence  rdduite  est 
fonction  de  <T  ,  done  de  A  . 

On  va  voir  dans  les  paragraphes  qui  suivent  la  relation  qui  existe  entre 
A  et  ,  valable  quelle  que  soit  la  forme  des  perforations  ou  des  mailles  des 
bandes  poreuses,  pourvu  que  leur  density  ou  leur  repartition  soit  uniforme  sur  toute 
l'gtendue  de  la  bande, 

2.  3  Thdorie  approchee  de  1'dcoulement  4  travera  une  bande  po reuse  (ilulde 
incompressible)  de  grande  poroslte  et  de  longueur  irfinte  normale  au  vent 

2.  3. 1  Cette  thlorie  ccnstitue  en  fait  une  application  de  la  thdorle 
d'Oseen,  suivant  la  mdthode  propoabe  par  J,  P4r4s  (7)  utilisant  l'dquation  d 'Euler 

dans  laquelle  on  neglige  le  produit  v  *  A  rot  v  **  oil  v  dbsigne  la  vltesse  de 
perturbation  dans  le  sillage. 

On  peut  montrer  que  l'dcoulement  dans  le  sillage  r4 suite  de  la  superposition 
d'un  Ccoulement  dit  auxiliaire  ,  dbrlvant  d'un  potentlel,  ct  reprdsentant  bien 
l'dcoulement  4  l'extdrieur  du  sillage,  avec  un  courant  dit  de  retour,  paralltle  4  la 
vitesse  4  1'infini  et  de  sens  oppose, 

Dans  le  cas  d'une  bande  tr4s  poreuse,  la  composante  de  la  vltesae  normale  4 
la  '-:ande  peut  etre  prise  constante  sur  toute  la  hauteur  de  la  bande,  tandis  qu'on  peut 
admettre  l'dgalitd  des  compoaantea  tangentlelles  de  la  vitesse  de  part  et  d’ autre  de  la 
bande.  n  vient  alora  pour  la  vitease  compiexe  de  Ddcoulement  auxiliaire  (l)t (2) 

w  *  h  (  2  -<T  )  +  i  h  M ,  ~  9 L  5  .  oh  5 ■  !  I-  ,  &vec  z  *  it  +  i y 

tandis  que  la  vitesse  du  courant  de  retour  par  alible  4  la  vltesae  4  1'infini  portbe  par 
l'axe  des  x  ,  la  bande  dtant  portde  par  l'axe  des  y  ,  est  constante.  Posant  cette 
vitesse  dgale  4  -  2  II,  la  porositb  0  ,  prend  la  forme 

a  -  h  -  H 
h 

relr.  n  qui  donne  H  fonction  de  9  ,  tandis  que  A  p  prend  la  forme  simple 
Ap  =  -  2  J>  h2  (  1  -  O’) 

II  vient  done  pour  le  C  thborique  unitaire  : 

C  -  4  (  i  -<T) 

xt 

et  l'on  remarquora  que  l'expression  emplrique  donr.ee  plus  haut  peut  s'dcrire  : 

cx  -  4  (  1  -  9  )  -  2  (  1  -<r> 2 

L'expression  de  C  ,  correspond  en  fait  4  la  tangente  4  la  courbe 

xt 

experimental®  pour  O’*  1  ;  elle  est  done  bien  valable  pour  9  trbs  volsin  de  1. 

2.  3.  2  Relation  entre  A  et  O’ _ 

Elle  est  obtenue  trbs  siraplement  en  supposant  la  vitesse  uniforms  4  la 
traverabe  de  la  plaque  et  la  pression  uniforme  4  l'amont  et  4  l'aval  de  la  bande  ,  qw 
dbs  lors,  se  conduit  comme  une  surface  de  discontinuity  de  pression.  Deux  relations 
sont  foumies,  d'une  part  par  le  th4orbme  de  Bernoulli,  applique  entre  un  point  4 
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l'infim  amont  at  un  point  da  la  aactlon  contract*#  daa  vainea  d'air  immddlatcment 
k  l'aval  daa  maiUcc  daa  toilaa  ou  daa  orlficaa  daa  tdlaa,  d 'autre  part  par  l'dqoation 
da  oontinuitd  aoit 


P  + 


P  7T 


1 

T 


V? 


Va  -  Vx  A  Sat 


oft  l'lndica  1  a 'applique  aux  grand  aura  phytriquaa  dan  a  la  aactlon  contracts  at  od  m 
ddaigna  un  coefficient  d*  contraction. 

ComMnaat  caa  deux  dquatlons,  il  viant  : 

“  l.l.1!1 


d'od  ,  d'aprda  l'expraaaion  da  C 


C  -  2 

x 


V 


1  +  2  m  A 


fonction  da  0  : 


La  condition  9*1  pour  A  ~  1  donnerait  m  **  1.  JL*  comparaiaon  a  vac 
l'axp4rianca  mantra  qua  ,  dana  la  domaine  4tudl4,  prdciad  pin*  haut,  il  y  a  lieu  da 
prendre  pour  lea  toilaa  mdtalliques,  pour  leaauellea  eat  pratiquemant  constant, 

m  "0.95  at  pour  lea  tdlaa  perfordes  ,  Cx  dtant  una  fonction  ldgdramant  ddcroiaaante 

da  Ha,  0, 9  <  m  <  0. 95  pour  1000  <  Re  <  3000  (fig.  4  at  5). 


Application  :  Mur  para-vent  porford 

Lea  conaiddraticna  prdcddentea  ont  dtd  miaaa  k  profit  pour  la  recherche  da  la 
configuration  Optimale  d'un  mur  dcran,  an  «ua  da  rdaliaer  una  rdgion  calma  k  l'aval 
d'un  mur  dana  la  caa  d'un  vent  dominant  da  direction  paralldle  k  l'ut  da  symdtrle 
du  mur. 

La  figure  6  rand  compte  da  la  configuration  adopt  4* .  Pour  das  raisons  da 
atahilitd  mdcaniqua  at  auaai  afin  d'dvita.  la  formation  d'un  a.'lage  da  tourbillons 
alternds,  la  mur  eat  constltud  da  deux  parols  paralldlas  prochea  tfa  poroaitd 
gdomdtrlqua  0, 48. 

L'»asai  da  catta  configuration  a  dtd  effectud  an  aouffleria  (3, 30  x  2. 20  m2  , 

50  me~l  )  cur  un  moddla  da  hauteur  h  ■  0, 450  m,  po«4  aur  una  parol  plana  ho  rt  ion  tala 
doot  la  face  supdrieure  lisaa  cofncida  avac  la  plan  horlaontal  da  symdtrls  da  la  veina. 

La  bord  d'attaqua  da  la  plaque  eat  arrondi.  _  u 

Il  n  dtd  porta  aur  la  figure  7.  las  courbas  d'loo-vitesses  rdduitea  u  *  , 

paralldlas  k  la  vitaaaa  du  courant  da  la  aouffleria .  maaurdaa  dana  un  plan  paralldle 
au  pannetu  central  du  mur  at  aitu#  k  1, 33  h  ,  k  l'aval  da  ca  pannaan.  Il  a  dtd  dgalemant 
rap rd aantd  aur  la  mtma  figure,  la  direction  at  la  grandeur  da  la  projection  da  la 

vitaaaa  rddulte  da  l'air  aur  la  plan  da  meavre,  aoit  w  "  .  Las  masuraa  ont  dtd 

affactudaa  k  l'aida  d'un*  sends  andmomdtrlque  dlractlonnalle. 

La  protection  du  mur  a 'at and  sur  una  rdgion  dont  la  hauteur  cat  4 gala  4  environ 
1, 8  h.  aur  una  profondaur  da  l'ordre  da  3  k  4  h,  oO  la  prasalon  Uynaroique  n'attaint 
qua  la  dlxldme  da  la  prasalon  dynamique  amont  du  mur 

La  figure  I  mat  an  dvldence  1 'ascendance  da  l'4coulement  k  l'aval  du  mur  alnsi 
qua  l'anroulamaat  da  la  couch#  da  diccontimiitd  4  la  frontier#  eupdrlsura  du  slllaga. 
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riGURE  NON  DISPONIBLE 
AU  MOMENT  DE  TIRAGE 


Fig.  I  b  -  Porositd  gdometrique  A  ■  0,6fi  ,  (T“  0,82 


Fig.  1  -  EimIi  *u  tunnel  plat  hyd rodynami qu e  hauteur  10  mm  ,  largeur  de 
la  band#  100  mm.  Tole  m*talUque  perforce .  Sillage  de  la  bends  ; 
tnaiantand  10"8  sac  environ.  V  ■  120  cm/s 
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Fig.  2a  -  Poroait6« 
A  -  0 


Fig.  2b  -  Poroaitda 

X-  0,  283  <T«0,45 


Fig.  2  c  -  Poroi  '• 

A  -  0,44  O'-  0.63 


Fig.  2d  -  Poroait*a 

X  *  0,  60  ff-  0.67 


Fig.  2  -  Eaaaia  tux  fum*ca  en  r  ,  la  fum*e  eat  *miat  en  amont  de  la 

band*  da  Idle  perfor*e  at  1  plan  median  V  -  19,  30  m/a 
'natantan*  10-6  tec. 


Fi$.  8  -  Eaaata  aux  futrs'e*  cn  aoutflrnr.  !a  fu rntfi  **««  fmne  en  amotit  du  mur 
pprfor#  dan*  !<*  plan  median 

Hauteur  du  mur  fl  »  0.  4r'0  m 

largeur  du  mur  1  *  0,730 

poroait*  gfom^lrujue  A  »  o.  -47 
iteaae  de  la  aoufflene  V  '19ms 
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APPENDIX  'A' 
DISCUSSIONS 


This  appendix  contains  the  discussions  which  followed  the  presentation  of 
the  papers  at  the  Specialists’  Meeting  on  "The  Aerodynamics  of  Atmospheric 
Shear  Plows’*  held  at  the  Kisnstlerhaua,  In  Munich,  Germany  on  15-17  September, 
5969. 

These  discussions  are  transcribed  from  forms  completed  by  the  authors  anti 
Questioners  during  the  meeting  and  are  keyed  (by  reference  number)  to  the 
papers  contained  in  this  Conference  Proceedings. 


APPENDICE  ’A’ 
DISCUSSIONS 


Le  present  appendice  est  un  recueil  des  discussions  qui  ont  suivi  la 
presentation  des  exposes  a  1' occasion  de  la  Reunion  des  Experts  tenue  au 
Kiinstlerhaus,  a  Munich,  Allemagne,  du  15  au  17  septembre  1969  et  consacr^e 
au  th&ne  "The  Aerodynamics  of  Atmospheric  Shear  Plows”. 

Le  texte  de  ces  discussions  a  4t4  transcrit  a  partir  de  fiches  remplies 
it  cet  effet  par  las  auteurs  et  par  ceux  ayant  d^sirt*  leur  poser  des  ques¬ 
tions.  Les  discussions  sont  numerous  suivant  les  num^ros  de  r^f^rences 
dies  exposes. 
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DISCUSSION  OF  PAPER  1 

“THE  STRUCTURE  OF  ATMOSPHERIC  SHEAR  FLOWS” 
by  H.Panofsky,  USA 


A.  Do  Young,  (a)  Is  it  generally  the  case  that  for  large  positive  Richardson  nuaoers  there 
are  no  strong  winds  associated  with  velocity  shears,  since  the  presence  of  the  latter 
would  presumably  induce  turbulence  independent  of  the  Richardson  numbers? 

(b)  Would  not  the  presence  of  turbulence  due  to  strong  velocity  shears  result  in  spectra 
of  a  different  character  from  the  turbulence  associated  with  negative  Richardson  numbers? 


H.Panofsky.  (a)  In  the  upper  air,  strong  winds  can  occur  in  regions  of  large  positive 
Richardson  numbers,  since  the  hydrostatic  stability  -  strong  enough  to  prevent  turbulence; 
e.g.  in  the  “Jet  Stream"  we  often  find  winds  exceeding  100  km/hr,  with  no  turbulence. 

(b)  I  as  interpreting  "strong  shears"  as  “aero  Richardson  numbers”.  The  high  frequency 
(or  high  wave-number)  from  the  spectra  behaves  in  the  seme  way  with  negative  and  aero 
Richardson  numbers.  If  wave  numbers  «  1/z,  (Z  is  height)  there  is  much  more  energy  with 
negative  than  with  zero  Richardson  numbers. 


L.G.Napolltano.  You  mentioned  that  the  probability  distribution  function  of  meteorological 
variables  is  not  always  Gaussian.  My  question  Is:  does  the  probability  distribution 
function  in  these  cases  obey  any  of  the  several  other  theoretical  distribution  functions 
known  from  probability  theory? 


H.Panofsky.  We  have  not  attempted  to  fit  any  of  such  functions. 


C.H. Gibson.  There  is  some  experimental  evidence  that  many  quantities  related  to  the  higher 
frequency  components  of  turbulence  at  High  Reynolds  number,  as  well  as  sce'^r  quantities 
mixed  by  turbulence  like  temperature,  may  be  described  by  lognormal  probability  distribu¬ 
tion  functions.  In  particular  squared  derivatives  of  velocity  and  temperature  appear  to 
be  lognormal.  This  behavior  was  assumed  by  Kolmogoroff  in  his  third  hypothesis1. 


H.Panofsky.  Actually,  I  was  talking  about  a  different  kind  of  non-Gaussian  behavior  -  the 
variation  with  stability.  Under  neutral  condition,  the  simple  fluctuations  of  the  vertical 
velocities  themselves  are  nearly  Gaussian  (although,  not  the  distribution  of  the  deriva¬ 
tives).  But  with  decreasing  stability,  even  the  vertical  velocities  take  on  skew  distribu¬ 
tions;  many  small  downdrafts,  and  a  few  large  updrafts. 


L.G.Napolltano.  Has  anybody  provided  yet  a  physical  explanation  for  the  occurrence  of 
skewness  in  the  probability  distribution  function  of  the  velocity  components? 


H.  Panofsky.  Only  the  qualitative  explanation  that  convections  near  the  surface  consist 
of  narrow  columns  of  strong  updrafts  surrounded  by  large  areas  of  slowly  sinking  motion. 


REFERENCES 
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DISCUSSION  OF  P4FER  2 

‘THE  ORIGINS  AND  FORMS  OF  DYNAMIC  INSTABILITY  IN 
CLEAR  AIR  AT  HIGH  ALTITUDE” 

by  RS.  Scorer,  UK 


Errata 


Prge  2. 2  -  Foiaula  (2.2)  to  read 


-i(tjAz)2  Ak2  sinkx 


Pfige  2. 4  -  In  last  line  of  para.  2 

“unstirred"  to  read  “stirred" 
Page  2. 5  *  Formula  (3.6)  to  read 


Poraula  (3.8)  to  *ead 


Ri 


t/3/(V0  +  $y) 2 

e/3/fy0  Tg  -  Sz  |  by  '3. 6) 
\°  %  / 


Discussion 

I.T.  Reach.  Prof.  Scorer  has  discussed  aechanisuu  by  which  turbulence  may  be  initiated  in 
a  shear-  layev  in  the  so-called  "free"  atmosphere. 

In  the  'ietecrological  Office,  we  have  been  considering  an  approach  to  the  problem  of 
how  turbulence  sight  bs  maintained  by  large  scale  synoptic  development  processes  for 
periods  of  an  hour  or  more  (as  it  has  been  observed  by  aircraft).  This  work  has  followed 
three  steps. 

1.  Expressions  for  dynamical  processes  which  change  static  stability  wind  shear  and  there¬ 
fore  Richardson  number  following  the  motion. 

2.  It  baa  be«i  assumed  that  the  gross  effect  of  turbulence  (once  it  has  set  in)  is  to 
nrintain  the  Richardson  number  at  some  limiting  (and  small)  wake  by  counteracting  the 
dynamical  processes  tending  to  reduce  Richardson  number. 

3.  These  ideas  have  been  given  a  preliminary  test  on  the  Bushy  10-level  numerical  foi ic&st 
model  and  show  some  promise  as  a  forecasting  tool. 


R.S. Scorer.  The  early  idea  about  the  prediction  of  CAT*  was  to  find  out  what  the  critical 
Richardson  number  uas  by  theory  or  observation,  and  then  say  that  CAT  would  occur  when  an 
airatream  possessed  a  smaller  value.  Dr  Roach  and  I  are  both  pursuing  the  ides  that  the 
precise  value  of  Ri  at  which  dynamical  instability  sets  in  is  not  Important  because  one 
is  never  likely  to  observe  an  airstream  in  which  Ri  is  less  than  this  value  which  has 


CAT  *  Clear  Air  Turbulence. 
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not  already  become  turbulent.  Therefore  we  look  for  mechanisms  which  will  significantly 
red  'ce  R1  and  if  we  see  situations  in  which  they  will  be  or  are  operating  we  can  prob¬ 
ably  expect  the  outbreak  of  CAT,  and  we  hope  that  this  way  of  understanding  the  mechanisms 
will  be  more  useful  in  forecasting. 


D.  Kuchenan.  A  flow  has  been  described,  which  appears  to  contain  a  succession  of  vortex 
cones.  We  have  obtained,  at  the  RAE,  an  asymptotic  solution  for  such  cones.  For  a  series 
of  such  cones,  one  would  expect  a  pattern  of  streamlines  bounding  the  air  that  flows  into 
the  cones  and  out  of  them,  which  bears  some  resemblance  to  the  “cat' s  eyes"  pattern  men¬ 
tioned  by  Prof.  S'-ore"  Bui  we  found  that  the  cone  flow  was  essentially  time-dependent 
and  that  the  cone-sir  ^  wiK,  in  general,  grow  with  time,  if  the  flow  is  to  be  regarded  as 
two-dimensional.  1  would  like  to  ask,  therefore,  whether  any  such  changes  with  time  have 
been  observed  in  the  atmosphere. 


R. S. Scorer.  It  is  easy  to  watch  the  evolution  of  the  vortices  occurring  in  the  atmosphere 
over  a  period  of  a  few  minutes  on  occasions  when  they  are  made  visible  by  cloud,  which  in 
man"  common  circumstances  acts  as  a  good  tracer,  as  explained  In  the  paper. 

There  is  not  great  Precision  in  the  theory  of  billows,  and  It  has  been  assumed  always 
that  the  evolution  of  one  vortex  is  not  very  different  from  that  of  its  neighbours, 
although  of  course  fvere  mpv  be  a  considerable  time  lag  in  the  evolution  of  the  billow  12 
or  20  wave!  ..gths  distant. 


R.  Pese.resl.  Does  your  model  describe  the  turbulence  generation  due  to  the  breaking  of 
internal  wav«r.j  or  can  the  "bellows"  form  on  the  crestB  of  the  internal  waves? 


R.S. Scorer.  In  the  r-itten  version  of  my  paper  (which  Mr  Pesaresl  could  not  possibly  have 
had  time  to  read  yet)  I  mention  that  my  paper  does  not  deal  at  all  with  situations  in 
which  the  static  stability  becomes  negative.  These  will  be  discussed  in  Paper  No, 11  and 
I  think  the  question  of  “breaking”  of  internal  waves  hy  Increasing  their  amplitude  should 
be  deferred  until  the  discussion  of  that  paper.  My  paper  is  concerned  with  the  billows 
on  shear  layers  generated  where  a  very  stable  layer  Is  inclined  away  from  the  horizontal. 
The  most  common  situation  for  this  to  happen  is  in  mountain  lee  waves,  but  there  are  other, 
especially  frontal,  situations  where  it  could  Just  as  well  occur. 
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DISCUSSION  OF  PAPER  3 

"MOUNTAIN  1AVES  IN  THE  STRATOSPHERE  MEASURED  BY  AN  AIRCRAFT 
OVER  THE  RESTERN  U.S.A.  DURING  FEBRUARY  1967” 

by  A, McPherson,  UK 


M.S.8corer.  In  the  theoretical  treatments  of  mountain  waves  from  Lyra,  (1943)  onwards  It 
has  never  been  argued  that  a  stable  stratosphere  would  suppress  disturbances  due  U  moun¬ 
tains,  although  other  people  have  incorrectly  hinted  that  it  would  act  like  a  rigid  lid 
(or  that  the  lid  in  their  treatment  would  have  the  same  effect  as  the  stratosphere).  It 
has  been  recognized  for  a  long  time  that,  to  get  waves  in  the  troposphere  best  developed 
it  is  necessary  to  have  a  decrease  in  che  stability  upwards  in  the  troposphere  so  that  uis 
wave  amplitude  has  died  away  to  almost  nothing  at  the  tiopopause. 

In  recent  work  by  Berkshire  ft  Warren  (Q,J.  Roy.  Met.  Sec.,  in  preaB,  Oct.  1969)  it  is 
becoair-  evident  that  a  situation  it  which  lee  waves  are  almost  fully  trapped  in  the  tropo¬ 
sphere  is  one  in  which  waves  would  be  l&rgert  in  the  stratosphere.  This  happens,  evide.  tly, 
because  a  periodic  -  but  decreasing  downstream  -  tr  in  of  waves  on  the  tropopause  excites 
waves  in  the  stratosphere  more  than  an  individual!  larger  but  single  hump  or  trough  such 
as  occurs  on  the  tropopause  when  there  is  no  '  ap’  ng  of  lee  waves  at  all  in  the  stratosphere. 
This  new  series  of  observations  seems  to  provide  samples  of  this  mechanism.  In  the  oral 
presentation  it  was  implied  that  the  situations  in  w  tch  the  pilot  lost  control  of  the 
aircraft  involved  a  very  vigorous  atmospheric  “disti  Dance",  It  seems  that  the  loss  of 
control  was  due  to  flying  through  a  discontinuity  of  temperature  and  wind  which  may  have 
no  turbulence  (i.e.  chaotic  motion  producing  mixing)  in  it  at  all. 

The  1-g  experience  resulted  from  the  large  apeed  with  which  the  aircraft  traversed  t,  e 
discontinuity  and  the  only  observations  we  can  make  use  of  are  those  in  which  the  aircraft  is 
flown  ao  that  the  pilot  does  not  lose  control!  Dr  McPherson  made  some  generalizations  at 
tfce  eni  of  his  presentation  as  if  he  was  attempting  to  describe  the  climatology  of  CAT  in 
mountain  waves  from  the  experience  on  half  a  dozen,  or  so,  occasions.  This  Is  Quite 
unjustified,  and  I  think  generalizations  should  only  be  attempted  on  the  basis  of  a  heory, 
well  confirmed  hy  observations,  and  not  on  the  basis  of  selected  experiences  Selected  as 
to  terrain,  at  least). 


A.  McPherson.  In  describing  the  Incident  referred  to  by  Prof.  Scorer  I  took  great  cu  e  to 
avoid  the  use  of  the  word  “turbulence”.  There  is  little  doubt  that  a  disturbance  existed 
but  it  may  not  have  been  turbulent.  In  support  of  the  other  evidence  I  pointed  cut  that 
at  the  time  when  the  speed  and  temperature  changes  were  occurring  there  was  a  periodic 
variation  in  the  barometric  height  representing  a  change  in  pressure  of  about  l  mb.  The 
changes  were  such  a  frequency  that  they  cannot  have  been  variations  in  aircraft  height. 
The  remarks  about  piloting  are  offensive  and  should  be  withdrawn.  I  was  careful  to  dis¬ 
claim  any  attempt  to  describe  cl'matology  of  turbulence.  The  generalizations  were 
intended  only  to  summarize  the  results  of  this  exercise.  It  was  hot  d  tb&t  the  results 
would  stimulate  theoretical  work. 


H.  Pmmofmky.  So  far,  the  emphasis  has  been  e.i  the  role  of  waves  on  clea.  air  turbulence. 
However,  CAT  sometimes  does  not  occur  with  waves,  but  seems  to  require  fine  structure  in 
temperature  profile.  This  suggests  a  simultaneous  fine  structure  in  the  wind  profile:  iD 
fact,  this  is  indicated  in  observations  lover  down,  thus  an  important  factor  in  the 
production  of  CAT  is  the  vertical  wind  shear.  These  comments  are  coufirned  in  the  next 
paper. 


AMcPhermoa  No  comment. 
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DISCUSSION  OP  PAPER  4 

“DEUX  REMARQUABLES  EXEMPLES  DE  CISAILLENENT  DANS  LA  STRATOSPHERE 
CONCERNANT  IE  VENT  ET  LA  TEMPERATURE” 

by  G.  D.  B*rb4,  France 


R. S.Scorer.  Mr  Barba's  soundings  seem  most  likely  to  be  showing  standing  (i.e.  lee)  wavea 
because  there  is  only  a  slow  change  in  tine  at  a  fixed  point,  and  because  a  horizontal 
wavelength  typical  of  such  waves  is  indicated  and  the  vertical  velocities  seea  to  be  about 
the  right  magnitude.  But  one  cannot  settle  this  matter  with  soundings  from  only  one  point. 
The  other  most  probable  explanation  is  that  they  are  unstable  growths  in  a  geostrophic  air- 
stream  with  large  vertical  gradient  of  the  wind,  as  described  in  my  paper  on  pages  2-6  and  7 
These  would  have  a  much  smaller  vertical  velocity  and  a  much  longer  horizontal  wavelength. 
The  horizontal  wavelength  of  course,  can  only  be  inferred  as  a  result  of  an  assumption 
about  the  inclination  of  the  surfaces  containing  the  wave  crests  to  the  vertical.  In  the 
case  of  the  stratospheric  waves  computed  by  Warren  end  Berkshire  these  surfaces  are  very 
steeply  inclined  away  from  the  vertical,  which  is  very  important  in  a  case  like  this. 


G.  D.  Barbe.  1.  Eh  ce  qui  concerne  l’hypoth&se  du  Dr  Scorer  que  la  repartition  en  altitude 
du  vecteur  vent  entre  10  et  32  km  pourrait  fitre  expliqu4e  par  1’ existence  d’ondes  de  relief 
stationnaires  sous  le  ve^t: 

(a)  11  est  exact  que,  en  un  point  donn4,  la  variation  dans  le  te^ps  est  faible. 

(b)  la  longueur  d'ondes  horizontal e  de  telles  ondes  ne  peut  Otre  ddteralnde  par  nos 
mesures  dans  le  cas  particulier  des  11  et  12  mars  1968;  par  contre,  d’autres 
mesures  faites  simultandment  en  3  points  (voir  en  particulier  WMO-No.  227.  TP. 121, 
Technical  Note  No.  95.  1969,  pp.  275  4  277)  donnent  tr4s  sensiblement  la  mftne  reparti¬ 
tion  aux  sommets  d'  un  triangle  equilateral  de  50  km  de  c0td,  de  la  temperature,  de 
la  direction,  de  la  viteBse  du  vent  avec  1’ altitude.  D'od  11  semble  resulter  que 

la  longueur  d' onde  est  superieure  4  50  km. 

(r >  1’ estimation  de  la  vitesse  vertical*,  de  1’ air  ddduite  de  la  variation  de  la  vitesse 
verticale  du  ballon  ne  peut  4tre  faite  4  l'aide  de  nos  mesures  par  suite  de  1’  erreur 
relativeaent  important©  concernant  la  mesure  de  la  vitesse  verticale  du  ballon. 

<’eci  resulte  en  particulier  d“  la  superposition  des  deux  courbes  donnant  la  riparti- 
t,  on  avec  1’ altitude  de  la  vitesse  verticale  du  ballon  lors  d’  un  sondage  double 
(c'  WHO  pr^citd  pp.  280  -  282,  figures  12  et  13). 

2.  Je  ne  suls  pas  en  b  su:©  pour  le  moment  de  coamenter  la  deuxifeae  hypothfese  du  Dr  Scorer. 


K.Panofsky.  First,  I  am  happy  to  see  that  Mr  Barba’s  paper  confirms  the  coexistence  of 
wi.  d  shear  with  temperature  gradients,  thuE  explaining  the  association  between  clear-air 
turbulence  and  vertical  temperature  gradients. 

The  large  fluctuations  of  wind  speed  found  in  this  paper  are  quite  similar  to  those 
discovered  elsewhere,  for  example  by  NASA  personnel  at  Cape  Kennedy,  USA.  Further,  their 
hot  zontal  structure  has  been  explored  by  plane  in  Russia.  Analogous  structures  wore  first 
observed  with  Meteoi  trains  in  the  thermosphere;  and  on  the  basis  of  these  observations 
Hines  1  rst  suggested  that  these  fluctuations  are  due  to  gravity  waves. 


G.U.Barbe.  Je  n’ ai  aucune  observation  4  presenter  concemant  les  remarques  du  Prof. 
Panofsky,  slnon  que  celles-ci  resolvent  non  accord. 
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DISCUSSION  OF  PIPER  5 

“TURBULENCE  STRUCTURE  IN  THE  ATMOSPHERIC  BOUNDARY  LAYER  OVER 

THE  OPEN  OCEAN” 

by  C.H.  Gibson  and  R.  B.  Williams 


J.C.R.Hunt.  Could  Prof.  Gibson  please  elaborate  on  the  physical  implications  of  his 
complicated  statistical  analyses  of  the  flow? 


C.H.flibsoB.  Measured  lognoneality  of  (du/dx)2  implies  that  Yaglom’ s10  cascade  hypothesis 
may  be  valid  since  it  predicts  lognonaality.  The  non-Gaussian  intermittent  behavior  of 
high  Reynolds  number  turbulence  illustrated  by  the  extreme  values  of  Kurtosis  measured  in 
this  study  for  velocity  and  temperature  gradients  is  also  a  characteristic  of  larger  scale 
atmospheric  structure  as  evidenced  by  the  formation  of  fronts, 


J.lieringa.  Calculations  of  the  drag  coefficient  CD  are  made  for  different  heights  by 
different  people  which  makes  comparison  awkward.  Can  you  -  or  anybody  else  present,  like 
Prof.  Panofsky  -  agree  on  some  arbitrary  but  definitive  choice  of  the  CD  calculation 
height? 


C.H.Gihmom.  10  meters  was  used  because  the  mean  velocity  was  known  at  this  position,  and 
also  to  permit  coaparison  with  previous  values  of  Cso  reported  in  Phillips’  recent  book 
shown  in  one  of  the  slides. 

Decision  Panofsky:  10  a. 


R  Pesaresi.  Did  you  find  any  influence  of  the  sea  surface  waves  on  the  variability  of 
dv/dt  that  you  have  just  shown? 


C.N.Gibmom.  No.  Measurements  were  not  made  under  different  surface  wave  conditions.  No 
attempt  has  yet  been  made  to  relate  the  variability  of  3u/<H  or  to  wave  phase, 

although  such  measurements  were  made  during  BOMEX  (Barhados  Oceanographic  and  Meteorological 
Experiment  -  with  G  R.Stegen  -  discussed  in  Proceedings  of  BoRL,  Turbulence  Symposium 
Seattle  1969  in  J. Fluid  Mec. )  and  will  be  reduced  eventually 
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“LONGITUDINAL  AND  LATERAL  SPECTRA  OP  TURBULENCE  IN  THE 
ATMOSPHERIC  BOUNDARY  LAYER*’ 

by  G.H.Fichtl,  USA 


A.  D.  Young,  (a)  In  Figure  6  of  printed  paper  there  are  a  number  of  points  well  above  the 
curves  with  which  you  chose  to  fit  the  data.  Were  there  any  good  reasons  for  ignoring 
these  points? 

(b)  The  remaining  points  could  be  fitted  by  a  straight  line  independent  of  Richardson 
number  which  would  be  just  as  good  r  fit  as  the  theoretical  curve  used.  Why  not  use  such 
a  straight  line? 


G.H.Fichtl.  (a)  I  cannot  think  of  a  reason  for  neglecting  these  points  and  they  were  not 
neglected  in  the  analysis. 

(b)  Yes.  one  could  fit  the  data  points  with  a  straight  line.  However,  this  would 
require  a  more  complicated  energy  budget.  We  tccept  the  type  I  energy  budget  hypothesis 
for  the  Monin  layer  because  the  data  in  our  paper  tend  to  agree  with  the  theoretical  cal¬ 
culations  and  the  type  I  energy  budget  has  been  verified  by  other  investigations. 


J.C.R.Hunt.  Could  Prof.  Fichtl  answer  two  questions: 

1  On  account  of  the  great  variation  of  spectra  from  place  to  place  is  the  placing  of  the 
NASA  tower  5  ins  away  from  the  rocket  site  not  too  lar’ 

2  In  both  hypotheses  1  and  II  Prof.  Fichtl  assumes  dE/dt  0  .  J  wonder  whether  this  is 
a  good  approximation  fc.ec.it.;- se  of  the  considerable  variation  in  roughness  in  the  locality  of 
the  tower  which  produces  gradients  in  turbulence  kinetic  energy.  We  have  reas  n  to  believe 
this  approximation  may  not  be  a  very  good  one  because,  if  the  atmospheric  boundary  layer 
is  simulated  in  the  laboratory,  the  dE  dt  term  is  of  the  same  order  as  the  mechanical 
production  term 


G.H.Fichtl.  1  No  The  terrain  in  the  viscosity  of  Saturn  V  launch  pads  at  Cape  Kennedy 
is  similar  to  that  associated  with  the  town  site 

2  In  the  laboratory  it  is  difficult  to  obtain  conditions  in  which  dE/dt  '  0  ,  while  in 
the  atmosphere  it  is  possible  to  realise  this  condition.  In  order  to  show  that  dE/dt  '  0 

r.t  our  site  we  must  construct  additional  towers,  so  that  dE/dt  0  is  merely  a  hypothesis 
However,  micros*?  eorology  data  from  other  sites  which  are  siailar  to  the  Cape  Kennedy 
site  appear  to  show  that  dE/dt  q  is  a  reasonable  hypothesis.  We  plan  to  test  this 
hypothesis  in  1970. 
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"TURBIiLENfi.  STRCTE.  IN  FLO*  REGIMES  OF  VANISHING  MEAN  SHEAR 

by  H.Lettau.  USA 


R.  S.  Scorer.  Does  the  relation  wf  -  x'u2  have  a  physical  justification  or  is  it  based 
on  a  desire  for  some  sort  of  ale  brain  symmetry? 


H.Lettau.  'Tie  physical  justification  is  the  vorticity-transfer  concept  outlined  and 
discussed  in  i. .  1964  paper  in  “Journal  of  Meteorology”. 
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“DETERMINATION  OF  VERTICAL  TRANSPORTS  OF  MOMENTUM  AND  HEAT  AND 
RELATED  SPECTRA  OF  ATMOSPHERIC  TURBULENCE  IN  THE  MARITIME 

BOUNDARY  LAVER” 

by  M.Dunckel,  Germany 


C.  Scruton.  Hie  question  was:  what  were  the  sea  conditions,  e.  g.  wave  heights  etc.  at  the 
time  of  the  tests,  and  did  the  sea  condition  influence  the  value  of  the  surface  drag 
coefficient. 


D.Schriever  (co-author).  Wave  heights  during  the  different  runs  varied  from  about  0.  'hn  to 
about  1,  5m,  and  in  this  range  we  could  detect  no  influence  on  the  drag  coefficient, 
although  waves  were  mostly  those  expected  from  wind  speed  (no  remarkable  swell  involved). 
Possible  influences  of  wave  generation  could  not  be  studied  till  now,  since  meteorological 
conditions  varied  rapidly  during  the  measurements  on  the  oaltic  and  the  North  Sea.  We 
hope  to  get  the  necessary  comparisons  with  steady  state  waves  from  measurements  taken  on 
the  Atlantic  during  ATEX  expedition  in  1969. 


F.  H.  Schmidt.  In  Equation  (5)  a  relation  is  given  between  H 

KAifst  a  relation  imtWOrfi  U  ...  Rim  t\0  h  isu  Criuifi  Mr  Dtmck 

xu  '  -  -  - -  —  -  - 

influence  of  the  latter  relation  on  Equation  (5)? 


and  u  ,0A  6 .  There  will 

f  >  n.m v  mini*? tuing  Hnunt  t.iih 


D.Schriever.  We  think  that  the  dependence  of 
ftp  »* |i  yen  in  1  o»*  \5)  'tvq  combination  of 


u  j  0  on  A6 

FKfi  ftf  f  ftof  p  «  f 


is  inherent  in  the  relation 

c*  4-  4  j  f  i  r>n4  \  am  t  MAMMAOnM  <4  r\  ri 


by  A 6  )  and  wind  shear  (represented  by  u 10  )  seems  to  give  the  linear  relationship  as 
demonstrated  in  Figure  5. 
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"MEAN  WIND-  PROFILE  A.  'I  tRB’XENCE- CONS  I  DERATIONS  OF  A  SIMPLE  IODFL" 

by  R,.  Roth,  Germany 


Errata 

Page  9.3  Equation  (17)  should  be  read  as: 

2  _  ll!sax 

Z|tax  II 
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Discussion 

H.Lettau.  ihe  defining  equation  for  the  "minimum  wave  number”  could  involve  a  numerical 
constant  which  you  appear  to  assume  in  Equation  (11)  to  be  equal  to  unity.  Would  you 
please  comment  on  this  value? 


R.  Roth.  1.  This  assumption  xnin  =  \/z  was  made  i  it  is  the  simplest  one.  2.  This  goes 
well  with  *he  observed  maximum  in  w-spectra  in  the  atmospheric  boundary  layer.  3.  More 
in  genera.'  it  works  out  that  the  assumption  of  a  limiting  wave  number  leads  to  a 

mixing-length  L  given  by  i  =  (/3.2)"s  x'}  if  C  =  1/V;3  is  used. 


L.N.Persen.  1.  I  just  want  to  clarify  one  poinf  to  make  sure  that  I  have  understood  you 
right.  Is  it  so  that,  you  justify  the  u-  of  Kolmogoroff’ s  power  law  which  to  my  knowledge 
is  only  valid  in  an  isotropic  homogeneous  turbulence  in  the  presented  case  of  shear  flow 
because  you  maintain  that  no  matter  what  you  start  out  with  you  arrive  (through  your 
iteration  scheme)  at  a  logarithmic  law? 

2.  In  that  case  the  conclusion  seems  inevitable  that  you  have  found  the  solution  to  the 
shear  flow. 

3.  I  would  t!.en  like  to  make  a  final  comment.  As  far  as  I  can  see  the  proposed  procedure 
rules  out  the  influence  of  density  stratification  as  well  as  the  temperature  variation  with 
height.  All  you  are  then  reft  with  is  an  ordinary  boundary  layer  in  an  incompressible 
fluid.  Why  don't  you  then  examine  the  existing  theories  for  such  cases,  for  instance  by 
using  Dr  Spalding’s  formulation  of  the  law  of  the  wall?  I  would  like  to  know  if  the  author 

;  is  familiar  with  this  procedure? 

4.  I  am  willing  to  accept  that  li~e  of  thinking. 

i  R.  Roth  1  Vos 

l 

2  Yes,  at  leas*  T  hope  to  contribute  something  to  this  solution. 

f 

r  3.  No,  I  am  not  familiar  with  that  procedure  but  I  wanted  to  rtart  with  the  simplest  case 

|  and  go  step  by  step  to  the  more  complex  problems.  As  it  was  laid  In  the  oral  presentation 

|  it  was  possible  to  apply  this  mo^el  to  the  flow  ar  a  smooth  wall  and  its  transition  to 

I  rough  conditions  Both  wind  profiles  and  drag  coefficients  are  in  geod  agreement  with 

§  measurements. 
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"ON  T  Si  F  DEV  f !  OPMJ-  NT  Of  EV CLONES  IN  v  STATIONARY  iONG-WAVE  BASIC  STATE” 

by  J.  Egger,  Germany 


B. W. Marschner.  Is  the  disturbance  perturbation  a  uniform  superposition  of  constant  magni¬ 
tude  and  phase  from  700  mb  to  200  mb.  If  so,  is  this  mathematical  simplification  physically 
sensible? 


J. Egger,  The  initial  disturbance  has  been  chosen  uniform  in  all  p- surfaces  for  most 
cases.  This  gives  no  mathematical  simplification  but  it  simplifies  the  explanation  of  the 
developments. 


L.N.P.rsen.  1  think  that  the  comment  of  the  Chairman  is  a  very  important  one  because  the 
influence  of  the  initial  choice  of  the  disturbance  may  seriously  affect  the  result.  I 
would  therefore  like  to  ask  the  author  if  he  has  verified  that  his  results  maintain  their 
characteristics  in  the  cases  of  other  forms  of  initial  disturbances. 


J.  Egger.  In  some  experiments  I  started  with  disturbances,  which  had  a  tilting  of  axis 
towards  the  east  or  the  north.  But  the  character  of  development  did  not  change.  Only 
the  amount  of  increase  or  decrease  changed. 
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“MODELE  AFRO ( HYDRO ) OYNAMIQUE  POUR  LF  CALCUL  DU  REGIME 
DES  ONDES  DE  RELIEF” 

by  R.  Zeytounian,  France 


R.S.  Scorer.  This  is  an  excellent  paper  carrying  us  one  stage  further  in  the  understanding 
of  ^he  mechanics  of  inviscid  stratified  flows.  All  the  results  arc  necessarily  in  terms 
of  particular  cases  and  the  choice  of  cases  is  important.  Long’s  treatment  was  specially 


sign! f ictui t  because  lie  showed  how  separation  aiiu  reversed 


flow  Ctulu  OCCiil  Without  fi'io- 


tion  in  a  stratified  stream.  I  do  not  regard  the  limitations  on  the  way  he  was  able  to 
determine  the  boundary  shape  as  very  important  because  there  is  no  special  merit  in  any 
particular  mountain  profile;  and  even  if  we  wish  to  model  an  actual  mountain  it  is  never 
two  dimensional  and  we  cannot  model  (either  in  a  calculation  or  in  a  laboratory  experiment) 
the  on-coming  air  stream  very  accurately  anyway,  and  no  stream  profile  has  any  special 


What  we  need  to  know  is  whether  we  ha,-  missed  any  important  mechanism  by  being  res¬ 
tricted  to  the  solution  of  c  ;es  that  are  linear.  T  think  the  present  studies  show  that 
we  have  not  and  it  is  satisfying  to  know  this.  It  would  be  helpful  if  the  author  could 
explain  why  his  calculations  for  Long’s  final  mountain  profile  (Fig.  2)  is  not  the  same  as 
Long’s.  It  is  qualitatively  the  same;  but  are  the  small  differences  due  to  a  different 


:  r<-  ■  a-:i  a;  n'l  •  •  •  i.  that  'In  stream  ’  horiZ'-nt 

IS  !!T:i, .!  • 


K.  '«\vto  .nian  Effect iven-ent  Its  dj fferenccs  dans  la  configuration  des  iigne.>  de  courant 
en  aval  de  ’obstacle  :,ur  la  Figi  e  2  par  -a, -port  k  celies  obtenues  par  R. Long  f  jnt  dues 
aux  ccr.diti.onr  en  ament  tpair  aussj  dans  unc  plus  grande  part,  au  fait  que,  au  tours  du 
calcul  num^rique  effectud  nous  a v oris  s.muld  la  variation  verticale  au  moyen  d'  an  noddle 
avoc  deux  riveuux  iritermddiaires  (dans  les  mdtbodes  des  relations  intdgrai.es). 

Des  calculs  plus  prdcis  fails  enti  Nrement  par  PEKELlt-  en  URSS  an  moyen  d’  ur.e  fflethode 
analogue  ont  moiitrd  que  les  resultats  ubtenus  niundriqueinent  dtaient  entid.'.  emenf  comparables 
avec  les  rdsultats  analyi  s  de  Lo.ig.  En  ce  qui  concent e  les  effets  non  lindaires.  ils 
seront  trfcs  import  arm  surtout  dan«  les  nroblbmes  rdelleaeut  tridimensionnels  quand  les 
effets  de  contovrr.euenl  d;  1’ obstacle  sont  quelquefois  pits  impertants  quo  les  effets 
d'ecoulemer.t  au-dessnus  de  l  obst-.  U. 

Certains  rdsultats  numeriques,  obtenus  derniirement  en  URL'S,  ccnfirrcrnt  cet  ^tat  de 
chosos. 


DISCUSSION  OF  PAPER  12 

"PROBLEMS  OF  ATMOSPHERIC  SHEAR  FLOSS  AND  TH F I K  LABORATORY  SIMULATION” 

by  J.E.  Cermak,  USA 


Errata 


Page  12-1. 


Page  1 


l.  59  HQ  should  read  Ho-'  /^Cp 

i  i 

*.2-i  ) 4  i  erd  (t'e)“ 


Page  12-15,  Figure  8  In  caption  z/L  should  read  Ri 


Discussion 


J.C. R.Hunt.  Could  Prof.  Cermak  answer  two  points  concerning  Section  3-2  of  his  printed 
paper? 

1.  Although  we  cannot  simulate  all  the  statistical  properties,  do  you  think  it  is  only 
important  to  simulate  the  extreme  values  of  fluctuating  velocity  for  wind-loading  problems 
rather  than  diffusion  and  wake  simulation  problems  (i.e.  the  higher  moments)? 

2.  With  regard  to  the  comments  on  the  effect  of  vorticity  generators,  grids,  etc.,  it  may 
be  possible  to  simulate  the  spectra  and  r.m.s.  values  of  turbulence  at  a  section  (which 
may  be  sufficient  for  wind-loading  problems).  However,  in  simulating  diffusion  and  the 
development  of  wakes  it  is  clearly  important  to  have  the  right  gradients  in  the  stream 
direction  of  the  flow.  Do  you  have  any  idea  nbout  criteria  as  to  how  great  or  how  little 
differences  in  such  gradients  between  atmospheric  and  wind  tunnel  flow  are  tolerable  for 
accurate  simulation  of  diffusion  and  wake  flow’ 


A  xii 

J.  K.  Cernak  »5ood  simuiat  -n  of  w»n«1  locoing  on  f‘  ructure  requires  simulation  of  the 
turbulence  spectra  as  well  as  the  distribution  of  “Xtreme  values.  Local  pressure  fluctua¬ 
tion  on  a  si ructure  are  controlled  by  wave  lengths  of  turbulence  having  the  same  order  of 
magnitude  an  1  smaller  than  the  building  width;  however,  small  overturning  moment  and 
force  fluctuation  are  controlled  primarily  by  scale  of  turbulence  larger  than  the  building 
dimension  (particularly  the  extreme  value  of  small  wave  number  disturbance) 

2.  Insufficient  data  are  available  on  the  effects  of  turbulence-ch»racter4stics  gradients 
in  the  mean  flow  direction  on  diffusion  to  be  able  to  give  criteria  you  seek  at  this  time. 
Any  forthcoming  criteria  will  requiie  specification  of  the  degree  of  accuracy  e vnected 
from  the  simulation  effort. 
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“METHODS  AND  CONSEQUENCES  OF  ATMOSPHERIC  BOUNDARY  LAYER  SIMULATION” 

by  D. J. Cockrell,  UK 


Errata 

13  2  section  Inirrx1"cticr.,  line  29  the  who  •minimum"  in  brackets  at  the  end  of 
the  line  should  read  -inaxiiTiua”. 


Discussion 

R. II.  Koikes i.  Hie  few  mixing  devices  -  rods  am.  vortex  generators  -  produce  a  turbulent 
shear  layer  by  their  wakes.  I  wonder  to  what  extent  the  local  flow  perturbations  due  to 
these  devices  are  damped  out  at,  the  measuring  station  In  such  an  artificially  produced 
turbulent  shear  layer  ? 


D.J. Cockrell.  So  far  as  the  gracieu-iou  vei u«-lly  profile  p.^ductr  Lz  rcr.cemoH  there  is 
good  evidence  (in  our  Reference  21  amongst  other  places)  that  t.he  local  flow  perturbations 
are  damped  out  rapidly  by  the  coalescence  of  the  wake- type  flows  and  jet- type  flows  behind 
the  rods.  This  is  unlikely  to  be  the  case  with  other  velocity  profile  generating  .lev ions. 


T.V. Lawson.  Few  buildings  or  structures  project  from  a  smoothly  uniformly  rough  surface. 

The  environment  in  which  they  find  themselves  is  an  amalgam  of  their  near  environment, 
their  general  environment  and  the  local  topography.  We  have  heard  mainly  of  attempts  to 
produce  a  general  environment,  in  particular  a  general  environment  which  docs  not  decav. 

My  question  is:  does  the  speaker  know  of  any  work  which  describes  the  relative  importance 
of  near  environment  and  topograpny  (both  of  which  require  detailed  mapping)  with  general 
environment  upon  which  we  have  concentrated.  Providing  there  are  no  topographical  features, 
how  crude  can  the  production  of  velocity  and  turbulence  profiles  be1?  If  topographical 
features  have  to  be  mapped,  how  crude  can  general  local  environment  be? 
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D.y.Coci  11.  So  far  as  the  effect  of  near  environment  and  topography  is  concerned  I  have 
nothing  to  add  to  the  list  of  references  given  by  Prof.  Cermak.  1heic  is  sufficient 
experimental  evidence  to  indicate  that  a  mean  velocity  irofiie  mast  be  pr^v uieti  in  model 
tests  though  it  may  not  need  to  be  much  more  sophisticated  than  a  linear  profile.  However, 
by  usi  ig  the  methods  which  have  indicated  it  s  as  easy  to  produce  a  p  wer-law  profile 
with  known  exponent  parameter  nr  a  log-linear  profile,  r.s  1*  lo  to  a  linear  mean 

velocity  profile.  As  *e  have  indicated,  the  Reynolds  stress  gradient  affects  the  degree 
of  equilibrium  of  the  mean  velocity  profile.  Whether  this  is  significant  cr  not  depends 
on  working  section  length  and  the  degree  of  non-uniformity  over  the  working  section  that 
can  be  afforded  in  the  mean  velocity  profile. 

The  other  way  it  affects  the  problem  aerodynamical ly  is  in  the  degree  to  ich  the  flow 
pattern  associated  with  a  body  placed  in  the  tunnel  is  changed  by  turbulence. 

Armitt  (our  Reference  9)  makes  a  contribution  here,  as  does  some  initial  work  on  the 
flow  over  a  forward-facing  step  by  Moorman4.  In  Paper  14  Counihan  suggests  that  not  only 
is  the  mean  square  turbulence  significant,  but  also  that  its  energy  should  be  contained  in 
large-scale  eddies.  To  this  degree  therefore  he  appears  to  be  arguing  for  spectral  density 
similarity.  As  yet  there  would  appear  to  be  insufficient  experimental  evidence  to  say  how 
significant  this  similarity  really  is,  but  my  colleagues  and  I  think  that  good  reproduction 
of  the  mean  square  turbulence  (at  least)  is  important  in  studies  of  flow  wind  grips  of 
buildings  where  the  point  of  reattachment  of  separated  regions  may  well  br  itical. 


*  Moorman.  J.  -  Plow  over  a  Forward-Pacing  Step.  University  of  Leicester  Engineering  Dept.  Internal 
Report  1969. 
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“A  METHOD  OF  SIMULATING  A  NEUTRAL  ATMOSPHERIC  BOUNDARY  LAYER 

IN  A  WIND  TUNNEL" 

by  J. Counihan,  UK 


L.N.Persen.  I  think  that  yc"  have  made  an  excellent  job  in  providing  a  flow  situation  in 
your  tunnel  that  corresponds  \ o  the  atmospheric  conditions.  However,  I  would  like  to  know, 
when  talking  of  the  forces  exerted  on  structures  like  slender  masts  or  towers.  If  not.  the 
interaction  between  the  flow  and  the  slruclu* «  is  just  as  importune  as  the  reproduction  of 
the  real  flow. 


J. Counihan.  Prof.  Persen  also  had  a  second  auest.ion  which  t  replied  to  first  concerning 
the  statement  I  made  that  "recent  work  had  not  completely  verified  Townsend’s  proposed 
models  of  the  vortex  systems  in  boundary  layers".  This  statement  was  based  on  the  work  of 
Tritton  and  a  paper  by  Kline  et  al.  Both  papers  have  been  published  in  the  J.F.M.  However, 
the  point  i  wish  to  draw  attention  to  was  that  if  one  approaches  the  problem  of  simula¬ 
ting  a  boundary  lover  by  trying  to  devise  a  system  to  produce  complex  vortex  systems,  then 
this  does  not  seem  to  be  a  very  good  approach;  especially  also  since,  as  far  e-  *  am  aware, 
the  vortex  systems  of  boundary  layers  have  not  been  defined  very  definitely.  This  was  why 
I  chose  the  approach  of  first  trying  to  reproduce  the  correct  form  of  turbulence 
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distribution  through  the  height  of  rhe  boundary  layer.  ’Hie  second  part  or  the  question 
can  be  commented  on  by  Dr  Hunt  of  C.E.R.  L  .  who  can  probably  give  you  mor  details  con¬ 
cerning  this  point. 


J.C.R  Hunt.  Perhaps  I  can  answer  Prof.  Persen* s  comment  since  I  am  working  with  Mr 
Counihan.  At  the  Central  Electricity  Research  Laboratories  we  are  considering  the  entire 
problem  from  the  simulation  of  atmospheric  turbulence  to  the  aopropria  scaling  of  the 
elastic  properties  and  density  of  the  structures  placed  in  the  boundary  layer.  For  example 
we  have  been  studying  the  pressures  on  and  the  stresses  in  a  model  of  a  cooling  tower  made 
of  ‘DEVLON’  -  an  epoxy  resin  containing  small  steel  balls.  T  is  material  has  the  right 
density  and  elastic  properties  for  a  proper  model.  We  have  found  that  the  effects  of  move  ¬ 
ment  of  this  body  on  the  flow  is  very  small,  however  other  bodies  exist  in  which  this  is 
not  so.  The  forces  on  such  bodies  will  be  discussed  tomorrow  by  Mr  C.Scruton. 


J.  Counihan.  I  agree  with  Dr  Hunt’s  comments.  Our  work  at  C.  E.  R.L.  at  the  moment  is  mainly 
concerned  with  the  measurement  of  cooling  tower  wind  loadings  in  a  turbulent  boundary 
layer  whereas  Mr  Scruton  of  N.P.L  .  will  consider  different  types  of  structures  tomorrow. 
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"LABORATORY  INSTIGATIONS  OF  ATMOSPHERIC  SHEAR  FLOWS 
USING  AN  OPEN  WATER  CHANNEL” 

by  J.W.  Clark,  USA 


S,  M.  Bogdonoff.  In  your  photograph  No.  4,  you  showed  dye  streams  and  hydrogen  bubbles.  It 
your  observations,  did  you  see  any  three-dimensional  flows  (did  you  examine  dye  lines  off 
center)? 

Can  you  explain  the  relatively  smooth  hydrogen  bubble  in  i*-  .  gion  which  the 
dye  trace  showed  to  be  turbulent? 


J.W. da'll.  The  waves  and  vortices  were  two-dimensional,  that  is,  they  extended  completely 
across  the  channel  from  wall-to-wall.  The  turbulence  appeared  three-dimensional 

One  must  distinguish  between  (1)  the  dye  streamer,  which  originated  far  upstream  and 
hence  shows  the  integrated  effect  of  the  flow,  and  (2)  the  bubbles,  which  originated  where 
the  photograph  was  taken  »rd  hence  show  the  approximately  instantaneous  flow  properties. 
The  hubbies  should  not.  he  expected  to  show  much  flow  distortic  in  the  photograph  because 
the  velocity  and  turbulent  fluctuations  are  so  small  ....  less  than  0.0C>  ft/sec  ior  this 
case. 


R.S. Scorer.  1.  The  billows  in  the  photograph  shown  at  the  end  of  the  talk  appeared  to  be 
rotating  in  the  wrong  direction. 
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2.  You  referred  to  gravity  waves  produced  other  than  by  mountains.  These  may  occur  but 
they  are  generally  much  smaller,  but  it  was  remarked  to  me  yesterday  after  I  had  empha¬ 
sized  the  importance  of  mountain  waves  that  the  sliding  up  slopes  could  occur  over  rather 
long  time  intervals  at  fronts,  and  that  near  fronts  over  the  ocean  we  could  expect  to  find 
billows  (i.e.  CAT  if  there  are  no  clouds)  there. 

3.  It  has  become  customary  to  use  density  profiles  to  the  velocity  profiles  which  are 
matched.  In  your  experiments,  and  I  think  in  brazin’ s  theory,  there  is  a  concentration  of 
velocity  gradient  hut  a  uniform  density  gradient  tlirc-.hout  the  channel.  It  is  probable 
that  in  the  atmosphere  the  vorticity  is  concentrated  because  the  density  is  concentrated. 
Ought  one  to  use  someone  e’se’s  theor-'  in  applying  it  to  the  atmosphere? 

4.  It  is  foresting  that  pictures  of  fine  billows  have  betn  in  the  literature  for  several 
decades;  the  explanation  of  them  in  terms  of  instability  i  „  a  shear  layer  produced  by 
tilting  a  layer  of  large  static  stability  has  been  known  to  meteorologists  for  about  ten 
years;  yet  the  current  interest  in  the  subject  clearly  originated  in  Wood’s  observations 
under  the  surface  of  the  Mediterranean.  It  seems  that  people  did  not  like  to  be  told  by 
the  cloud  ph~* -^graphers  that  they  could  have  seen  it  for  themselves  if  they  had  kept  their 
eyes  open. 


J.W.  Clark.  1.  Correct  -  I  cannot  tell  whether  the  slide  is  mounted  backwards  or  whether 
I  pulled  the  wreng  slide  out  of  the  bag. 

2.  Quite  correct  -  I  expect  that  in  due  time  we  will  find  the  phenomenon  occurring  over 
fronts,  thunderstorms,  etc.  I  have  analyzed  some  of  the  USAF  Project  HICAT  data,  and  this 
appears  to  be  the  case  indeed. 

3.  Offhand,  1  know  of  no  such  theory.  Someone  should  look  into  this.  I  would  not  expect 
the  unstable  wavelengths  to  be  much  different  though. 

4.  Yes,  it  was  suggested  some  time  ago  by  Scorer,  Ludlom  and  others  that  such  a  phenomenon 
exists  Credit  should  also  be  given  to  McPherson  and  Nicholls  (Paper  No. 3)  for  their  fine 
measurements  on  the  Canberra  flights.  I  believe  this  is  the  first  time  adequate  atmospheric 
data  are  ava'lable  for  calculating  stability  and  expected  wavelengths.  Much  more  analysis 
can  be  done  on  their  data.  The  HICAT  reports  also  will  prove  fruitful  in  this  respect, 
although  I  have  found  a  definite  lack  of  RAOB  data  of  sufficient  detail  to  describe  the 
fine  structure  of  the  velocity  and  temperature  profiles  for  these  cases. 
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•WAKE  CHARACTERISTICS  OF  A  BLUFF  BODY  IN  A  SHEAR  FLOW 

by 


A. D. Young,  (a)  Presumably  there  are  differences  in  pressure  with  height  immediately  behind 
the  gauze  Are  these  small  enough  to  be  ignored  at  least  in  the  working  section? 

(b)  There  appears  to  be  an  interesting  parallel  between  your  results  and  those  of  Dr  Gaster 
on  a  tapered  cylinder  in  a  uniform  stream  How  close  is  that  parallel’’ 
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D.  J.Maull.  (a)  Thu  v^’-jcity  prof:  le  reraainel  constant  down  uic  tunnel  after  about  a  dis¬ 
tance  of  one  half  i.,nnel  height  oast  the  gauze.  There  was  no  measurable  pressure  gradient 
across  the  tunnel. 

(b)  Dr  Caster's  results  ere  very  similar  to  mine  obtaining  the  same  type  of  vortex  pattern. 


J.C.R.Hunt.  1.  Has  Dr  Man  11  measured  cross-correlations  with  time  lag  to  give  his  inter¬ 
pretation  of  the  vortex  mechanism  on  a  more  quantitative  basis'’ 

2.  What  a^e  Dr  Maull’s  views  on  uniform  shear  flows  past  finite  length  cylinders  and 
cylinders  which  are  allowed  to  oscillate"’ 


D.  J.Maull.  1.  No 

2  The  finite  length  cylinder  will  be  even  more  complicated  and  it  is  planned  that  we  will 
investigate  this.  If  the  cylinder  oscillates  it  is  urofcable  that  if  the  oscillation  fre¬ 
quency  is  near  the  vortex  shedding  frequency  then  the  vortices  may  well  correlate  over  a 
portion  of  the  span. 


S.  M.  Bogdonof  f.  I  believe  that  the  model  spanned  the  stream  from  the  wail  to  the  free 
surface.  Since  the  end  effects  will  be  important  and  different  at  each  end,  might  you 
comment  on  these  end  effects  and  whether  you  believe  your  results  are  applicable  to  a  two- 
dimensional  body? 


D. J.Maull.  The  model  certainly  spanned  the  wind  tunnel  and  end  effects  may  well  be 
important  and  as  has  been  shown  by  Gaster. 


H. Quad 11 ieg.  Did  you  vary  the  Reynolds  Number  and  did  thin  show  forms  of  branching  of  the 
smoke  lines. 


0. J.Maull.  No.  l.e.  Re  number  has  not  been  changed 
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"ETUDE  D'  UNE  SOVFEXKK I K  POIH  RtlHhKlMtS  Si  K  LfcJi  M  Si  A  *  u  F  S 
D’ KNERG1E  ATMOSPHERE -OCEANS" 

by  M. Coantic.  France 


R. Legendre.  tfciel  est  le  r61e  des  embruns  dans  le  m^canisme  des  ^changes  de  chaleur  et  de 
masse  et  quclles  conditions  dt  similitude  faut-il  respecter  notamment  f.  ce  qul  concerne 
la  capillarity  pour  ytudier  ce  rdle'’ 


M. Count ic.  Les  embruns  .iouent  certaineaent  on  rdle  tr^s  importarts  dans  les  transferts 
lorsque  la  vitesse  du  vent  es'  grande.  Nos  essais  pr^l iminaires  ont  aont-  *  leur  apparition 
4  partir  de  12m/s  environ.  II  semble  possible  d’ ytudier  leurs  effets  pa.  Us  mythodes 


| 


iaKr-4SW.'.s- 


A  -  a,-; 


aises  au  point  an  suje-t  des  enouioments  turbu!«nts  di pna.ni ques  Bn  e  e.ui  concetnt  i*»s 
y agues  de  surface  proprement  dif ps  les  essais  pr^vus  seront  rffrctuds  darts  !e  d  nomine  des 
ondes  d e  gravity. 
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“ON  THE  USE  OF  DIFFUSION  DETECTOR  GASES  IN  THE  STUDV  OF 
ATMOSPHERIC  SHEAR  LAYERS  WITH  ADVERSE  PRESSURE  GRADIENTS’* 

by  J  do  KrasinsKi,  Canada 


Errata 


Equation  4-11  on  Page  18-3,  instead  of: 


shoulu  Lc. 


u.J2 

v>'p  (etc. ) 


(etc, ) 


Discussion 

P.  A,  LiUbv.  The  author  has  identified  the  bcundarv  layer  at  point  "0"  with  the  Blasius 
solution  It  is  true  that  u  ~  v  ~  0  at  "O”  and  that  u  -  0  all  along  the  line  through  0 
but  v  ?  »  upstream  of  C  so  that  the  Blasius  profile  cannot  really  apply  then. 


J.  de  kraslnski  (kie  cannot  speak  In  this  context  of  exact  similarity  but  rather  a  quasi  - 
eimllarity.  At  outer  boundary  layer  the  concentration  profile  has  the  usual  requirements. 


i 


i 

i 

i 
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“A  REUER  OF  THE  VERTICAL  TRANSFER  OE  MORE  VTUR  THE jl'GH  THE  BOUNDARY  LAYER" 

by  r.P>.  Smith,  UK 


R  S.  .Scorer. 


Dr  Saith  bases  ouch  of  his  argument  on  his  extension  of  the  equation 


-k 


di 


-i 


i-xviii 


,  for  which  he  says  the  justification  is  that  it  leads  to  the  observed  logarithmic  pro- 
i  1 e .  But  there  is  nothing  unique  about  this  because  the  same  can  be  sale  about  the 
•elation 


i 


kz 


(2) 


1.  which  Prandtl  justified  on  the  grounds  that  the  mixing  length  could  bs  expected  to  be 
iroportional  to  the  length  characterise 'c  of  a  point,  namely  distance  from  the  boundary, 
rhe  physical  argument  for  (1)  seems  to  have  been  concocted  to  Justify  it  as  a  “local  version” 
)f  (2)  i.e.  one  which  depends  only  on  local  conditions  and  I  wonder  if  Dr  Smith  would  give 
lis  justification  for  it;  noting  that  if  l a  (92u/?z2)’ 1  enters  the  argument  what  about 


1  v  ^ 

2  v/  v 


(3) 


and  so  on  {this  is  not  a  suggestion)?  In  any  case  all  these  relationships  must  depend  on 
a  similarity  of  the  features  at  all  heights,  in  which  case,  if  the  result  to  be  obtained 
by  a  generalization  of  (1)  or  (2)  does  not  possess  the  same  kind  of  similarity,  the  transfer 
properties  must  be  strictly  local,  and  a  physical  argument  must  be  given  for  this  toe. 


F.B. Smith.  Although  Prof.  Scorer's  Equations  (1)  and  (2)  are  mathematically  equivalent  in 
the  surface  layer,  it  is  possible  think  of  them  expressing  two  distinct  physical  rela¬ 
tions.  Prandtl  has  explained  (2)  in  stying  that  the  nearby  presence  of  the  ground-boundary 
impresses  itsslf  strongly  on  the  size  of  the  eddies  and  leads  one  to  expect  l  cc  z  . 
Equation  (l)  expresses,  *o  me  at  least,  the  notion  that  the  turbulent  length-scale  impresses 
Itself  on  the  curvature  of  the  wind-profile,  until  an  equilibrium  is  established  between 
them.  Thus,  for  example;  where  the  eddies  are  predominantly  small,  the  dynamical  linking 
between  different  layers  of  the  air  Is  week  ar.J  strong  curvatures  are  permissible. 

The  introduction  of  higher  derivatives,  such  as  in  Scorer's  Equation  (3),  cannot  of 
course  be  entirely  ruled  out,  and  this  emphasizes  the  questions  of  uniqueness  that  must 
arise  in  this  sort  of  modelling.  One  may  only  prefer  (1)  to  (3)  on  the  grounds  that  (3) 
is  more  likely  to  involve  derivatives  o'  (1)  as  well  as  (1)  itself. 


H.Letlau.  Possibly,  part  of  the  difficulties  encountered  by  Dr  Smith  may  be  caused  by  his 
assumption  that  l  c.en  be  expresses  by  KArmAn  constant  (k)  and  wind  shear  and  curvature. 

I  have  found  (see  Equation  (38)  of  my  paper  No. 7)  that  an  expression  similar  to  Dr  Smith’s 
is  valid  only  as  a  limiting  case  in  the  approach  to  the  boundary, 

k?  =  lim[u-2(u33)?/(u3)‘'] 
z— o 

while  in  the  surface  layer  only  u*  =  Juz  . 

If  the  expression  is  used  with  k  =  const.,  throughout  the  Ekman  layer  then  l  is  over¬ 
estimated  and  convergence  to  geostrophic  wind  becomes  coo  slow. 


F.B. Smith.  The  physical  dimensional  arguments  suggest  that  l  ,  or  the  diffusivity  k  may 

j  sh  I 

be  expressed  in  terms  of  the  curvature  of  the  wind  profile,  i.e.  I  -  A  i - — r  < 

| grad (shear) | 

w!  re  A  is  constant  of  proportionality,  assumed  independent  of  height  z  .  Only  when  we 
eque.te  this  expression  with  von  KArmAn’ s  relationship  in  the  limit  as  z  -  0  do  we  find 
that  A  ■  k  .  Thus  von  KArmAn' s  constant  does  not  enter  into  the  expression  a  priori,  but 
only  as  a  result  of  the  known  behaviour  near  z  -  o  . 


o-xix 


In  „his  sense  I  do  not  think  my  approach  is  inconsistent  with  Prof.  Lett&u*  8  commert. 
However,  it  is  true  that  before  any  modification  to  the  finite  difference  fora  of  Equation 
(13)  is  made,  the  values  of  l  are  too  large  but  after  the  constant  modification,  the 
magnitudes  of  '  seem  much  more  reasonable  and  attain  &  nearly  constant  wlue  at  large  z  . 
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THE  ORIENTATION  OF  VORTICES  DUE  TO  INSTABILITY  OF 
THE  EKMAN  -  BOUNDARY  LAYER” 

by  F.  Wippermann,  Germany 


R.S.Scorer.  Prof.  Wippermann' s  theory  is  evidently  applicable  to  his  laboratory  experiments 
but  I  question  the  application  of  geophysical  phenomena.  In  the  case  of  dunes  wc  have  a 
time  scale  far  exceeding  the  day.  and  mechanisms  tending  to  build  up  dunes  in  arbitrary 
winds  would  seem  more  likely  to  operate.  Possibly  il  is  anabatic  winds,  which  are  probably 
quite  strong  on  some  days  with  dunes  of  the  size  mentioned.  Also  similar  arrangements  of 
sand  occur  on  beaches  and  these  are  certainly  not  produced  by  Coriolis  forces. 

Cloud  streets  have  a  time  scale  of  an  hour  or  less  and  it  is  not  credible  that  their 
fora  is  due  to  Coriolis  forces.  For  example  in  Figure  1  of  Prof.  Wippermann’ s  paper  the 
streets  are  forming  in  a  wind  along  the  streets  from  the  sea  after  the  air  has  been  over 
the  land  for  only  a  few  minutes.  They  do  not  form  at  night  and  are  clearly  a  buoyancy 
dominated  phenomenon.  The  theory  is  questionable  because  it  contains  a  uniform  constant 
viscosity  which  is  not  applicable  to  the  atmosphere.  The  circulation  time  for  a  particle 
is  also  of  the  order  of  an  hour  or  less. 

Over  the  sea  in  bursts  of  polar  air  particularly,  there  is  a  strong  thermal  wind  and 
this  dominates  the  wind  profile  right  down  to  the  sea  and  we  do  not  have  an  Ekman  profile; 
indeed  sometimes  the  flow  near  the  surface  is  outwards  across  the  isobars  towards  high 
pressure,  and  in  such  cold  air  masses  the  buoyancy  term  in  g  is  almost  certainly  dominant 
over  the  Coriolis  terra  in  f  in  the  basic  equations  (eg.  (1-c)). 

If  the  motions  were  Coriolis  rather  than  buoyancy  dominated  the  cloud  would  not  appear  as 
lines  but  as  layer:  that  means  that  cloud  would  exist  above  the  downcurrents  just  as  much 
as  above  the  vipcurrents.  Any  mechanism  breaking  up  such  a  layer  must  necessarily  be  buoyancy 
dominated  and  it  is  not  really  practical  to  say  that  the  motion  below  is  Cor  ions  dominated 
because  the  occurrence  of  the  streets  is  very  dependent  upon  the  time  of  dav  over  land. 

Prof.  Wippermann  has  a  beautiful  theory  but  I  am  quite  unconvinced  that  it  is  as  universal 
as  he  suggests. 


F.  Wippermann.  As  shown  in  Equation  (4-a)  of  the  pre-print  version  both  effects,  the 
coriolis  forces  and  the  buoyancy,  act  in  destabilising  the  basic  flow  (the  beginning  of 
Section  VII  is  not  expressed  correctly  and  may  lead  to  a  misunderstanding).  I  agree  with 
Prof.  Scorer’s  opinion  that  in  many  cases  the  buoyancy  dominates. 

I  do  not  see  how  the  anabatic  winds  suggested  by  Prof.  Scorer  could  cause  such  an 
impressive  regularity  of  seif  dunes  es  shown  for  example  in  Figure  2.  The  anabatic  winds 


would  probably  produce  a  very  irregular  field  of  dunes  corresponding  to  cloud  pattern 
caused  by  convection  of  the  type  of  Benard  cells. 

However,  as  I  stressed  in  the  oral  presentation,  I  think  that  such  anabatic  winds  on 
seif  dunes  in  the  very  first  stage  will  determine  the  orientation,  the  wavelength  and  the 
phase  angle  of  disturbances  This  allows  the  destabilised  Ekman  flow  to  change  its  direc¬ 
tion  froia  case  to  case.  In  this  respect  the  buoyancy  plays  an  important  role  in  the 
formation  of  seif  dunes  too. 

I  admit  that  for  the  formation  of  cloud  streets  in  most  cases  buoyancy  may  dominate  the 
Coriolis  forces.  However  for  cloud  streets  observed  over  the  ocean  in  the  subtropics  this 
seems  to  be  not  true.  To  Prof.  Scorer’s  last  pc'^t:  when  vortex  rolls  have  been  built  up 
due  to  Ekman  layer  instability  (without  buoyancy),  the  helical  motion  in  these  rolls  will 
cause  cloud  streets  as  shown  in  schematic  Figure  3  assuming  enough  moisture  is  available. 
It  is  difficult  for  me  to  see  how  in  this  case  a  cloud  layer  could  be  formed. 


H. Lettau.  I  would  like  to  comment  on  the  dune  problem.  Desert  sand  is  a  particular  medium. 
It  is  capable  of  moving,  and  the  wind  can  pile  it  up  but  only  when  a  threshold  value  of 
friction  velocity  is  exceeded  (about  25cm/sec,  according  to  cur  experience  in  the  Peruvian 
desert).  Furthermore,  after  an  initial  pile-up  has  occurred,  there  will  be  a  feedback  on 
the  wind  structure.  No  corresponding  factors  apply  to  Ekman  instability.  For  Barchan 
dunes  the  separation  of  flow  at  the  crest-line  and  the  resulting  vortex,  according  to  our 
experience,  is  highly  significant. 


F. Hippermann.  the  feedback  mentioned  by  Prof.  Lettau  is  certainly  important  for  moving 
dunes  of  smaller  size,  for  instance  such  as  Barchan  dunes.  I  agree  that  for  these  the 
vortex  rolls  due  to  Ekman  layer  instability  are  not  relevant.  However,  for  seif-dunes, 
which  extend  sometimes  for  100  -  200  km,  the  vortex  rolls  due  to  Ekman  layer  instability 
provide  the  surface  winds  as  needed  for  the  formation  of  the  dunes.  It  is  of  course  true 
that  a  critical  velocity  must  be  exceeded  which  allows  for  saltation. 


A. 0. Young.  Could  we  please  have  some  idea  of  the  magnitudes  of  the  Quantities  involved  in 
those  vortex  streets,  for  example  what  is  the  range  of  height  in  which  they  are  found  and 
what  are  the  magnitudes  of  the  lateral  vortices  to  be  expected  in  them? 


F. hippermann.  I’m  not  able  at  the  present  to  give  you  exact  figures.  In  referring  to  the 
numerical  study  by  Fuller  and  Kaylor  (1965)  the  helical  motion  decreases  to  zero  at  a  level 
of  abo  ♦ 2  to  3  times  the  height  of  the  Scman  layer,  1. e.  roughly  at  about  2  to  3  km.  Ihe 
vertical  velocity  as  well  as  the  lateral  velocity  is  in  the  order  of  few  meters  per  sec. 


F. H. Schmidt.  I  cannot  judge  Prof.  Wippenann’ s  theory  at  this  moment.  I  would  like  to 
make  a  remark,  however,  with  respect  to  Prof.  Scorer’s  opinion  that  upslope  motions  along 
dunes  are  responsible  for  the  origin  of  these  dunes.  These  upslope  winds  occur  only 
during  daytime.  During  night-time  downward  motions  are  present. 


R.S.  Scorer.  I  think  that  anabatic  winds  would  be  much  stronger  and  more  turbulent,  and 
therefore  much  more  likely  to  transport  sand,  than  katabatic  winds.  But  I  was  only  specu¬ 
lating  off  the  cuff  about  dunes  and  remarking  that  there  are  many  other  possible,  and 
probably  more  potent,  mechanisms  than  the  mechanism  described  by  Prof.  Wippermann.  Prof. 
Leltau  knows  much  more  about  dunes. 

In  answer  to  Prof.  Young’ s  question  it  can  readily  be  said  that  cloud  streets  typically 
have  a  cloud  base  and  top  of  3000  ft  and  4000-5000  ft  above  the  ground,  with  the  streets  a 
mile  or  two  apart. 
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Hie  updrafts  under  the  streets  are  quite  adequate  for  gliders  to  soar  easily  and  are 
typically  2-5  metres  per  sec,  while  the  downdraft  are  rider  zz&  fcobler  and  of  the  order 
of  &-2  metres  per  sec.  Hie  transveise  component  would  be  about  the  same  magnitude. 


DISCUSSION  OP  PAPER  21 

"DIFFUSION  IN  THE  ATMOSPHERIC  SURFACE  LAi'ER:  COMPARISON  OF 
SIFT,.ARITY  THEORY  WITH  OBSERVATIONS’' 

by  W.Klug,  Germany 


A.  D.  Young.  I  so  not  clear  what  has  happened  in  the  analysis  to  the  diffusion  coefficient 
of  the  source.  Is  it  implicitly  included  in  the  empirical  functions  that  you  have  used? 


W.Klug.  Hie  diffusion  coefficient  of  the  source  material  is  not  taken  into  account, 
because  it  is  assumed  that  the  diffusing  material  follows  the  air  movements. 


T.V. Lawson.  Could  I  ask  a  very  naive  question?  The  surface  layer  is  considered  to  be 
50  a  thick.  To  what  height  of  puff  does  the  analysis  presenter  apply? 

As  a  supplementary  question  could  1  ask:  If  the  source  is  elevated,  for  what  distance 
from  the  source  does  the  analysis  apply? 


W.Klug.  Hie  model  applies  only  to  surface  or  near  surface  source?.  Here  it  is  estimated 
to  be  valid  up  to  distances  from  the  source  in  the  order  of  1  km.  For  the  case  of  an 
elevated  source  I  cannot  give  you  an  estimation. 


J.  E.Cermak.  In  the  atmospheric  surface  layer  dw/u ,  correlates  well  with  z/L  ;  however, 
Bv/u*  and  du/u*  from  both  field  and  laboratory  measurements  do  not  correlate  well  with 
z/L  .  Do  you  have  a  physical  explanation  for  this? 


W.Klug.  A  possible  explanation  of  the  facts  mentioned  is  that  the  longitudinal  and  lateral 
components  of  turbulence  are  also  ir  Tluenced  by  mesoscale  parameters,  such  as  terrain 
effects. 


F. B.  Smith.  Hie  concentration  for  a  continuous  source  is  obtained  in  Equation  (11)  by 
integrating  the  concentration  for  a  puff  (Equation  (10))  with  respect  to  time.  This 
ignores  the  motion  of  the  puff  in  time  due  to  the  action  of  the  larger  eddies.  For  a 
ground-based  source  the  vertical  motions  of  the  puff  may  be  small  and  therefore  justifiably 
neglected  but  the  lateral  motions  will  not  be  small  and  allowance  should  be  made.  Hie 
same  will  be  true  of  the  vertical  motions  for  an  elevated  source. 
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K.Xlug.  As  was  explained  in  the  last  section  of  the  paper  it  was  assumed  in  setting  up 
Equation  (2)  that  if  any  parameters  (such  as  describing  the  action  of  larger  eddies)  may 
be  left  out  in  this  relationship  then  these  parameters  depend  uniquely  on  the  variables 
listed.  However,  the  conclusion  reached  is  that  the  lateral  motion  dees  not  depend  on  the 
mentioned  variables  and  allowance  for  this  was  made  through  the  use  of  the  empirical 
relationship  g(av/u,)  . 


DISCUSSION  OF  PAPER  22 

"SOSE  MEASUREMENT®  «F  INSTABILITIES  ANE  TURBULENCE  IN 
EKMAN  BOUNDARY  LAYERS” 

by  D.R.  Caldwell,  USA 


N. Isyunov.  I  wonder  if  Prof.  Caldwell  would  like  to  comment  on  the  application  of  his 
experimental  results  and  the  general  phenomenon  of  Ekman  boundary  layer  instability  to  the 
lower  layer  of  the  atmosphere.  Could  this  be  a  source  of  energy  for  atmospheric  turbulence 
at  low  wave  numbers? 


R.  S.  Scorer.  Buoyancy  and  mechanically  produced  eddies  are  far  too  dominant  in  the  lowest 
1000  ft  for  '"oriolis  dominated  oscillations  or  instabilities  to  be  observable.  Even 
mountain  lee  waves  with  wavelengths  of  a  few  miles  show  no  observable  Coriolis  effect,  and 
one  has  to  come  to  wavelengths  of  the  order  of  100  miles  before  Coriolis  forces  are 
important.  It  is  quite  a  different  matter  in  the  ocean  where  inertial  oscillations  of  a 
period  of  a  pendulum  day  are  sometimes  the  dominant  feature  of  the  motion. 


N. Isyunov.  Could  Prof.  Scorer  suggest  a  mechanism  or  source  for  low  frequency  scale  varia¬ 
tions  of  atmospheric  turbulence  other  than  mechanical  or  thermal?  Large  variations  in  the 
scale  of  longitudinal  turbulence  have  been  observed  which  cannot  entirely  be  explained  by 
variations  in  mechanical  surface  roughness  and  it  has  been  suggested  that  Ekman  boundary 
layer  Instability  may  be  a  possible  explanation. 


H.Lettau.  You  mentioned  conclusions  based  on  the  assumption  of  a  “constant-stress  boundary 
layer”.  I  am  wondering  about  the  necessity  of  making  this  assumption,  since  the  vertical 
chan®*  of  the  vector  of  shearing  stress  could  be  obtained  by  a  height-integration  of  the 
geostrophlc  departure,  if  the  equation  of  motion  is  considered,  and  measured  distributions 
of  the  two  velocity  components  are  available. 


C.V.  van  Atta.  As  Prof.  Lettau  has  indicated  we  could  estimate  the  stress  distribution 
using  the  geostrophlc  departure  integral  method,  fe  have  not  yet  done  this.  Direct 
measurements  of  the  components  of  the  Reynolds  stress  would  be  even  more  desirable. 
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discuss  ion  of  paper  23 

“A  REVIEW  OF  INDUSTRIAL  PROBLEMS  RELATED  TO  ATMOSPHERIC  SHEAR  FLOIS" 

by  r-.  Seruton,  UK 


R.  S.  Scorer.  Mr  Scruton  ends  by  saying  that  "'the  meteorologist  must  provide  more  informa¬ 
tion..."  This  is  clear  because  all  Ilia  formulae  contain  V  ,  the  wind  speed,  and  he  has 
told  us  nothing  about  it.  But  1  feel  bound  to  remark  that  the  wind  varies  more  iron  day 
to  day  than  any  of  the  other  factors  in  his  formulae.  The  meteorologist  spends  his  time 
forecasting  for  tomorrow,  but  not  for  a  week  ahead,  and  collecting  climatological  informa¬ 
tion  about  the  extremely  variable  events  of  the  past,  and  the  questions  posed  to  him  must 
be  posed  in  this  context.  To  emphasize  that  the  actual  weather  is  a  sequence  of  events 
that  vary  enormously  may  I  briefly  mention  the  "Sheffield  incident”  when  a  great  many 
roofs  were  blown  off  in  one  restricted  section  of  the  city  one  night.  Evidently  what 
happened  was  thr  the  natural  wavelength  of  standing  waves  in  the  airstream  happened  o  be 
matched  to  the  spacing  of  three  hill  ranges  upwind  of  the  city  in  such  a  way  that  the  lee 
waves  were  of  exceptionally  large  amplitude,  and  beneath  the  first,  wave  trough  there  was 
a  very  strong  and  probably  lelatively  smooth  wind  for  an  hour  or  two.  The  Professor  of 
Geography  woke  to  fine  the  roof  tiles  arranged  neatly  on  edge  embedded  in  the  grass  lawn 
by  the  house!  This  incident  was  the  kind  of  event  which  occurs  once  in  a  few  decades, 
perhaps,  but  it  cannot  be  ignored. 

In  Sutton's  Hiffusioti  formula  there  are  three  coefficients  whose  values  cannot  be  known 
with  any  precision  because  they  vary  so  much  from  day  to* day,  and  from  place  to  place, 

The  apparent  usefulness  of  the  formula  is  destroyed  by  the  fact  that  it  does  not  really 
apply  when  there  are  major  disturbances  present  such  as  those  due  to  buildings,  trees,  and 
topographical  features.  But  more  important  is  the  fact  that  it  is  not  even  valid  for  small 
wind  speeds  which  are  the  cause  of  the  majority  of  situations  in  which  pollution  reaches 
serious  concentrations.  (I  would  refer  anyone  who  is  not  convinced  of  this  to  the  pictures 
in  my  book  "Air  Pollution”).  Consequently  the  problem  of  high  pollution  levels  has  to  be 
approached  in  a  different  way. 

In  turbulent  airstreams  the  size  of  the  largest  eddies  in  relation  to  building  size  can 
be  of  major  importance  in  determining  the  pollution  levels  achieved  in  wakes  where  there 
is  some  recirculation.  The  levels  are  highest  where  recirculation  continues  for  a  long 
time  before  eddies  are  shed,  if  the  source  is  within  the  wake  or  at  an  appropriate  position 
on  the  building.  Probably  the  typical  eddy  size  in  the  kind  of  turbulent  airstream  usually 
studied  is  not  large  enough  for  this  purpose,  though  it  may  be  adequate  for  wind  load 
purposes  and  it  might  be  a  good  idea  to  have  a  few  people  walking  about  in  the  wind  tunnel 
upstream  of  the  model  when  air  pollution  studies  are  made  (See  “Air  Pollution"  page  118, 
para.  9). 

Wind  tunnels  are  quite  inadequate  for  studies  of  the  effects  of  topographical  features 
because  of  the  great  nocturnal  stratification  of  the  air  and  these  phenomena  are  best 
studied  on  the  site  of  interest  -  and  why  not? 

I  think  we  need  much  more  liaison  between  engineers  and  meteorologists  with  special  or 
local  knowledge,  if  these  problems  are  to  be  satisfactorily  handled. 


C. Scruton,  It  appears  that  Prof.  Scorer  did  not  iind  the  paper  sufficiently  specific  in 
its  definitions  of  the  wind  speed,  Fo*-  structural  design  purposes  the  paper  definet  the 
design  wind  speeds  as  “the  maximum  wind  speeds  averaged  over  a  specified  period  of  time 
which  are  considered  likely  to  occur  at  the  site”.  TT.is  implies  that  observations  of  wind 
speed  over  a  sufficient  number  of  years  are  required  to  enable  statistical  estimates  of 
the  probability  that  wind  speeds  of  certain  strength  (ayeraged  over  specified  durations) 
will  be  equally  or  exceeded  in  a  specific  period  of  years.  Tn  this  respect  the  meteo- 
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rologist  is  asked  to  forecast  probabilities,  not  for  tomorrow  but  perhaps  for  hundred  of 
years  hence,  and  his  forecast  will  became  more  accurate  as  the  amount  of  tatistical  data 
available  to  him,  and  the  length  of  the  period  over  which  it  is  taken,  are  increased. 

Prof.  Scorer  implies  that  the  winds  involved  in  the  "Sheffield  incident”  could  not  have 
been  predicted,  but  at  the  same  time  he  attempts  a  probability  forecast  by  saying  that  it 
is  the  kind  of  event  which  occurs  once  only  in  a  few  decades.  If  observations  of  the 
Sheffield  wind  over  very  many  decades  had  been  available,  it  is  to  be  expected  that  the 
probability  of  the  wind  involved  In  the  incident  he  so  graphically  described  would  have 
been  accurately  forecast. 

With  regard  to  Prof.  Scorer's  remarks  on  the  use  of  Sutton’s  diffusion  formulae  it  was 
emphasized  in  the  paper  that  these  analytical  methods  could  be  expected  to  apply  only  for 
diffusion  over  flat  open  ground,  and  that  where  the  plume  Is  close  to  buildings,  or  in  a 
valley  or  close  to  an  escarpment,  the  local  airflow  will  dominate  the  dispersal  of  the 
plume.  For  rough  topographies,  and  particularly  where  pollution  of  buildings  and  areas 
close  to  the  point  of  emission  is  of  concern,  the  paper  recommends  wind-tunnel  tests 
carried  out.  under  proper  similarity  conditions.  Estimates  of  local  pollution,  where  the 
air  turbulence  near  the  point  of  emission  remains  mostly  of  mechanical  origin,  are  r  tte 
effectively  based  on  wind-tunnel  experiments,  and  for  most,  such  cases  sufficiently  reliable 
indication  is  given  without  reproducing  the  temperature  stratification.  More  precise 
estimates  are,  of  course,  made  in  wind-tunnels  where  temperature  stratification  can  be 
achieved,  and  this  is  particularly  so  where  pollution  estimates  over  wide  areas  remote 
from  the  source  are  required.  While  agreeing  wholeheartedly  with  Prof.  Scorer  on  the 
desirability  of  more  liaison  between  meteorologists  and  engineers  it  is  difficult  to  see 
how  pollution  predictions  can  necessarily  be  obtained  by  studying  the  phenomena  at  the 
site  of  interest  when  the  builditfgs  etc. ,  which  so  seriously  disturb  the  local  airflow  are 
not  present  at  the  site  until  the  site  development  is  complete! 
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DISCUSSION  OF  PAPFIR  24 

“FLUCTUATING  FORCES  ON  BLUFF  BODIES  IN  TURBULENT  FLOW” 

by  P.W.Bearaan,  UK 


J.C.B.Hant.  1.  As  perpetrator  of  some  of  the  ideas  Dr  Bearman  has  just  mentioned,  I 
thought  I  might  say  that,  with  my  colleagues  at  the  Central  Electricity  Research  Laboratories, 
we  are  studying  theoretically  and  experimentally  the  turbulent  flow  round  circular  cylinders. 
We  believe  that  we  should  aim  to  understand  the  flow  before  we  can  make  much  progress  in 
calculating  fluctuating  pressures;  if  anyone  here  would  like  to  find  out  more  about  our 
work,  I  would  be  glad  to  describe  it  to  them. 

2.  I  thought  it  might  be  worth  pointing  out  that  Mr  Scruton  and  Mr  Bearman  have  been  con¬ 
centrating  on  bodies  which  are  laterally  symmetric  to  the  oncoming  flow. 
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It  would  appear  then  that  the  fluctuating  drag  is  mainly  a  function  of  the  fluctuating 
vpincity  parallel  to  the  mean  flow.  However,  if  the  body  is  not  symmetric,  for  example  a 
square  or  rectangular  block  offset  to  the  wind,  then  th"  lateral  turbulent  velocity  will 
contribute  as  much  or  more  fluctuating  drag  and  lift  as  the  line  velocity  component. 

Given  the  rate  of  change  of  drag  and  lift  with  orientation  of  a  building  to  the  wind,  it 
is  possible  to  obtain  an  estimate  for  the  effects  of  these  lateral  components. 

3.  I  would  like  to  take  up  the  comment  Prof.  Scorer  made  in  the  previous  discussion. 

He  stated  that  wind  tunnel  testers  ought  to  be  more  concerned  about  the  large  scale  wind 
fluctuations  brought  about  by  showers,  etc.  Although  such  phenomena  are  important  there 
is  no  need  to  simulate  them  in  the  laboratory  (at  least  for  wind  loading  problems)  because 
they  are  large  scale  and  of  low  frequency.  In  that  case  it  is  possible  to  work  out  the 
loads  on  the  building,  provided  we  have  the  meteorological  data.  The  reason  for  wind 
tunnel  tests  is  to  simulate  the  atmospheric  turbulence  at  scales  of  the  order  of  the  body 
ize,  because  at  these  scales  the  flows  rounci  the  body  and  the  pressure  are  most  sensitive 
to  the  incident  turbulence  and  are  least  understood. 


P. W. Bearman.  No  reply. 


T.  V.  Lawson.  I  would  like  to  question  the  use  of  the  principle  of  "Aerodynamic  Admittance*’ 
especially  when  considering  the  flow  around  buildings  which  have  a  length  in  the  downwind 
direction.  The  building  can  add  to  the  structure  what  was  not  originally  present  and  the 
term  admittance  is  deceptive.  Are  we  not  watching  Hamlet  without  the  Prince? 


P.W.Bearaan.  Our  aim  is  to  understand  the  physics  of  the  flow  in  order  that  we  can  make 
meaningful  investigations  into  more  complicated  situations.  This  experiment  has  been  made 
as  simple  as  possible  in  order  to  understand  some  of  the  parameters  involved.  It  appears 
from  the  work  of  Davenport  et  al. ,  however,  that  the  "aero  amic  admittance"  approach  is 
a  useful  one  and  worth  following  further.  It  seems  useful  to  first  examine  that  part  of 
the  fluctuating  force  spectrum  that  results  from  a  direct  forcing  by  the  approaching  flow. 
When  we  understand  this  we  can  progress  to  try  and  understand  the  more  complicated  effects 
produced  by  the  building  itself. 


DISCUSSION  OF  PAPER  25 

"WIND  EXCITED  BEHAVIOUR  OF  CYLINDRICAL  STRUCTURES  • 
ITS  RELEVANCE  TO  AEROSPACE  DESIGN” 

hy  D.  J.  Johns,  UK 


D.J.Bmull.  1.  Is  it  correct  to  relate  the  ovalling  vortex  shedding  when  you  have  a  short 
aspect  ratio  cylinder  which  is  open  at  the  top  and  subject  to  large  tip  effects? 

i.  Does  the  Helmholtz  resonance  of  the  cylinder  enter  into  the  problem? 


D.J.  Johns.  'Dvalling"  has  been  noticed  primarily  on  shells  of  large  length  to  radius  ratio 
for  which  the  lowest  structure  frequency  corresponds  to  n  =  2  to  4  .  However,  it  is 


A-  xxv  i 


recognized  that  aerodynamic  tip  effects  do  occur,  e,g.  there  is  some  evidence  that  the  local 
Strouhal  frequency  is  less  near  to  the  tip  of  a  solid  cylinder  due  to  a  thickening  of  the 
wake,  as  mentioned  in  my  paper.  Clearly  one  must  also  anticipate  some  aerodynamic  effects 
due  to  the  open  nature  of  the  hoilov<  shell  as  compared  to  a  solid  cylinder.  The  correla¬ 
tion  of  observed  swaying  oscillations  with  predictions  is  based  on  criteria  for  vortex 
shedding  phenomena  for  chimney  structures,  so  it  has  been  assumed  that  the  observed  “oval ling” 
phenomena  also  are  due  to  vortex  shedding,  particularly  as  similar  criteria  seem  to  apply. 

Dr  Maull' s  questions  can  only  be  definitely  answered  when  data  are  obtained  on  the  unsteady 
pressure  distributions  near  to  the  tip  of  a  rigid  and  ovalling  shell.  However,  I  do  believe 
that  vortex  shedding  is  the  explanation  for  the  ovalling  instability  and  not  Helmholtz 
resonance. 


J.C.R.Hunt.  Firstly  Dr  Johns  is  presumably  no*  implying  that  the  collapse  of  the  stubby 
oil  tanks  is  attributable  to  vortex  shedding?  Secondly  I  was  interested  in  his  observations 
that  the  shells  were  oscillating  in  various  modes  before  collapse.  At  the  Central  Elec¬ 
tricity  Research  Laboratory  we  have  been  investigating  such  higher  modes  in  aeroelastic 
models  of  cooling  tower  shells.  We  find  that  relative  amplitude  of  the  higher  modes  is 
dependent  on  the  spectrum  of  the  incident  turbulence.  Therefore  to  bring  us  back  to  the 
subject  of  atmospheric  shear  flows,  if  the  modes  of  oscillation  of  shell  like  structures 
(cooling  towers,  oil  tanks,  or  rockets)  are  to  be  simulated  in  the  laborator.,  the  correct 
simulation  of  the  atmospheric  shear  flow  is  required. 


D.J. Johns.  In  showing  photographs  of  the  collapsed  oil  tanks  as  “obvious”  examples  of  a 
static  instability  (and  I  did  not  discuss  these  at  all  in  the  written  paper)  I  was  wishing 
to  indicate  that  prior  to  the  static  collapse  quite  significant  dynamic  motions  were 
evident.  There  was  no  intention  to  suggest  that  the  collapse  was  due  to  vortex  shedding 
but  rather  that  when  these  dynamic  motions  were  analysed  the  results  showed  that  resonances 
existed  at  the  lowest  four  or  five  natural  frequencies  (corresponding  to  typical  values  of 
n  in  the  range  5  to  9).  It  was  particularly  satisfying  that  our  structure  theory  to  pre¬ 
dict  these  natural  frequencies  agreed  very  well  with  those  measured  values  and  gave  con¬ 
fidence  in  the  reliability  of  the  theory. 

Regarding  Dr  Hunt's  second  point  I  fully  agree  that  simulation  of  a  full-scale  situation 
must  Include  the  factors  he  has  mentioned.  However,  in  our  present  work  we  are  concerned 
with  obtaining  agreement  between  theory  and  a  particular  measured  experimental  situation 
which  does  not  include  simulated  shear  or  turbulence.  If  and  when  our  theory  appears 
reliable  we  will  then  attempt  to  apply  it  to  special  full-scale  situations. 


DISCUSSION  OF  PAPER  26 

“STATISTICAL  ANALYSIS  OF  OUST  VELOCITIES  FOR  SPACE  LAUNCHERS  DESIGN" 

by  F. Bevilacqua,  Italy 


Errata 
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Discussion  ! 

G.H.Fichtl.  The  Marshall  Spice  Flight  Center  at  Huntsville,  Alabama,  have  been  concerned 
with  the  problem  of  gust  veldcity  criteria  for  space  vehicles  for  the  last  six  years.  Our 
crit  a  of  a  9m/sec  gust  agree  exactly  with  your  criteria.  However,  our  criteria  were 
derived  from  vertical  detailed  wind  profiles,  data  which  are  entirely  different  from  those 
of  Steiner  and  which  were  used  in  your  paper. 

Our  wind  profiles  (1700)  were  obtained  at  the  Kennedy  Space  Center,  Florida,  with  the 
jimsphere  wind  sensor  which  is  capable  of  detecting  wind  fluctuations  with  vertical  wave 
lengths  as  small  as  15  m.  I  contend  that  it  is  the  fluctuations  on  these  wind  profiles 
which  excite  space  vehicles.  Steiner’s  criteria  or  model  are  only  valid  for  horizontally 
flying  vehicles  and  his  criteria  were  derived  from  clear  air  and  storm  turbulence  data. 


F.  Bevilacqua.  From  a  practical  point  of  view  of  missile  design  we  are  very  pleased  to 
learn  that  at  the  Marshall  Space- Flight  Center  a  gust  velocity  of  9  m/sec  was  adopted 
after  a  very  wide  wind  profile  investigation  with  the  jimspheie  and  with  advanced  methods 
of  analysis. 

In  absence  of  more  adequate  data  on  the  gust  frequency  distributions  we  had  adopted  the 
classical  PRESS  and  STEINER  frequency  distribution  data  valid  for  horizontal  flight 
vehicles  snd.  on  the  basis  of  the  method  outlined  in  our  paper,  we  have  obtained  informa¬ 
tion  on  the  bi -dimensional  frequency  distribution  of  our  concern  assuming  the  mean  isotropic 
distribution  of  the  atmospheric  turbulence. 

From  your  remark  we  understand  that  the  isotropicity  condition  is  considered  unreliable 
on  the  basis  of  the  recent  wind  profiles  and  statistical  analyses  obtained  by  NASA. 

Re  would  therefore  be  extremely  interested  to  study  the  NASA  reports  leading  to  the 
adoption  of  the  same  gust  design  velocity  obtained  in  our  study. 
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Discuss ion 

J.  de  Kraslnski.  What  are  the  views  of  the  author  concerning  the  rather  different  behaviour 
of  a  three-diaenalonal  porous  body  in  free  airstrean?  The  case  I  am  referring  to  is  the 
drag  of  a  porous  sphere  of  variable  density  which  I  once  tested  in  a  low  speed  wind  tunnel. 
The  results  quoted  were  Independent  of  Reynolds  nuaber  variations  within  the  range 
Rq  -  0.8  x  10s  to  2. 2  *  10'  .  A  wire  basket  in  the  shape  of  a  sphere  was  constructed 
and  could  be  filled  with  continuous  thin  turnings  obtained  on  a  lathe  out  of  high  grade 
steel.  IXie  to  elasticity  these  turnings  filled  the  basket  uniforaly  even  at  higher  wind 
speeds.  Their  width  varied  froa  about  0. 5  aa  to  about  3  aa  and  did  not  affect  the  drag 
either.  The  relative  density  of  the  sphere  was  expressed  ae  a  parameter. 

weight  of  the  porous  sphere 

a  -  „  -  .  ■■  . . — 

weight  of  a  solid  sphere  of  the  saae  aaterial 

The  parmster  l-a  was  to  soae  extent  a  aessure  of  the  porosity 

The  coefficient  Cq  was  defined  as 

C  -  *** 

D 


R  =  radius  cf  the  sphere. 

The  results  cf  the  aessureaents  on  the  porous  sphere  showed  two  Interesting  points 
sight  be  noted:  (a)  The  asxiaua  drag  occurred  st  an  extreaely  low  value  of  a  (a  -  0.015). 
which  I  call  the  critical  density,  (b)  The  drag  coefficient  CD  -  1.2  was  higher  than  the 
corresponding  drag  of  a  disc  {C0  =  j.o> 

It  is  also  obvloua  that  for  a  =  0.  CD  =  0  an.!  for  a  =  s.  CD  will  be  that  of  a  sphere 
at  the  correepoodiog  Reynolds  nuaber  end  surface  roughness  (Cp  =  o.fl).  These  results  are 
very  such  different  then  for  the  two  dlaensionsl  case. 

1  would  be  Interested  to  hear  soae  cowaents  of  Prof.  Valenti. 


J. Vainest.  The  case  raised  by  Prof,  de  Kraeinski  is  aoat  interesting  Unfortunately,  it 
Is  difficult  for  ae  to  answer  straight  away  to  b.  >  question  as  the  theory  and  the  experl- 
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merits  of  which  I  have  given  a.,  account  are  valid  only  for  two-dimensional  flow. 

One  can  think  that  the  wake  of  a  very  porous  sphere  has  a  section  much  larger  than  the 
section  of  the  wake  of  a  plane  sphere;  this  could  explain  a  large  loss  of  momentum  in  the 
wake  corresponding  to  the  larger  drag.  I  will  ask  one  of  my  students  to  make  some 
experiments  to  find  out  the  configuration  of  the  wake  of  a  very  porou3  sphere  and  will  let 
Prof,  de  Krasinski  have  the  results  of  these  investigations. 


P.W.Bearman.  The  author  may  be  interested  in  a  paper  presented  at  AGARD  Specialists’ 
Meeting  on  "Separated  Plows"  (C. P.4)  showing  effect  of  lose  bleed  on  the  wake  behind  a 
bluff  body.  The  flow  patterns  are  similar  to  those  presented  here  and  there  was  also 
found  to  be  an  increase  in  Strouhal  number  with  bleed  rate.  The  drag  on  the  body  was 
reduced  with  increasing  bleed  rate  and  this  was  mainly  due  to  a  stabilization  of  the  vor¬ 
tex  street  and  a  reduction  of  vortex  street  drag  Could  this  effect  of  reduced  vortex  drag 
contribution  be  important  in  determining  the  drag  of  perforated  plates? 


J.Valensi.  The  comments  of  Dr  Beaman  are  most  interesting  as  they  bring  up  a  confirmation 
to  the  results  concerning  the  influence  of  the  porosity  on  the  frequency  of  the  shedding 
vortices,  which  I  have  obtained  more  than  fifteen  years  ago. 

The  effect  on  the  drag  of  the  frequency  of  th?  shedding  vortices  and,  consequently,  on 
the  scale  of  these  vortices,  is  shown  up  in  my  experiments  by  the  expression  of  the  drag; 

Cx  '  2(1  -  crJ)  . 

It  is  important  to  mention  again  that  the  Benard-KAnndn  Vortex  Street  Is  observed  in 
the  wake  of  a  porous  plate  only  for  <r  between  0  and  0  63. 
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Prof.  Knvsohneri  Ladies  and  gentlemen,  I  hare  the  pleasure  to  open  our  round  table  dis¬ 
cus  si --s.  The  format  vlil  be  relatively  simple.  I'll  ask  the  sembera  at  tha  table  to  make 
sose  summarizing  remarks.  acme  perhaps  provocative,  some  exploratory  uul  then  merely  mo- 
derave  the  discussion  betvesn  the  panel  and  the  audience  and  within  the  panel.  The  only 
th'ng  I  ask  i#  to  use  yuur  button  and  identify  yourselves  for  the  proceedings.  The  panel 
needs  no  introduction  einee  hove  all  bsen  on  the  program.  I’ll  call  first  upon  Prof. 

Panofeicy  to  ope*;  the  diecussic-?.. 

Prof.  Panofakrt  It  is  a  little  difficult  to  start  something  like  this  after  three  daye 
<<f  oittlng  down  end  enjoying  oneself.  Summarizing  the  whole  meeting  in  five  minutes  it  not 
easy.  I  cu  not  very  gied  at  suyieg  anything  provocative,  I  am  going  to  leave  that  tc  my 
neighbor  on  the  right  (Prof.  Scores*) .  I  am  going  to  make  however  some  random  remarks, seeing 
this  kino  of  &  conference  from  the  meteorologist ’a  polut  of  view.  The  name  of  the  conference 
implies  sejae  problems  cf  ataosyherlc  ahesr  layers  and  there  are  large  amounts  of  shear 
everywhere  in  the  atmosphere.  So,  really  we  could  have  talked  about  all  of  dynamic  meteo¬ 
rology.  This  is  too  large  o  subject  and  actually  tho  conference  was  a  little  more  limited. 

I  suppose  almost  all  our  papers  dealt  with  layers  where  the  shear  was  unusually  large,  so 
large  in  fart  thmt  turbulence  either  occured  or  at  least  could  be  expected;  either  we  were 
dealing  wit’s  the  shear  lay ev  clone  to  the  ground  or  some  elevated  shear  layer.  Kov,  eleva¬ 
ted  shear  layers  ore  important  in  con&fcct.ica  with  clear  sir  turbulence,  but  I  don't  want 
to  talk  about  it  now,  it  may  come  up  during  later  discussions.  What  I  would  like  to  do  is 
summarize  some  aspects  of  what  goes  on  In  the  loweor.  part  of  the  atmosphere  and  mainly, 
what  are  home  of  '.ho  practical  problems  which  the  meteorologist  is  asked  to  solve.  I  thick 
that  among  such  problems,  where  the  meteorologist  can  be  useful  is  first  of  all  providing 
information  which  can  be  applied  to  structures.  This  aspect  of  meteorology  was  mostly  empha¬ 
sized  in  this  conference,  particularly  the  effect  of  winds  or.  buildings,  towers,  standing 
structures  and  also  on  moving  structure?  such  as  airplanes.  Sow  in  the  case  of  standing 
structures,  the  problems  are  relatively  simple  for  the  meteorologists  because  one  is  normal¬ 
ly  only  interested  in  situations  of  fast  vjndu,  so  that  one  really  does  not  have  to  be  con¬ 
cerned  too  muoh  jbout  hydrostatic  stability  (the  Richardson  number  being  approximately  zero). 
I  think  that,  fc-r  such  applications  we  have  tne  greatest  difficulty  in  trying  to  prssoribs 
horizontal  resolution  whatever  is  nestled  to  bo  known.  The  kind  of  thing  one  nesds  to  know 
is  the  velooity-apaotra  and  the  wind,  t/e  hare  seen  that  here  the  -elocity-speotra  are 
oiffsrent  everywhere  and  people  car,  got  pretty  good  pictures  of  what  the  wind-speed-speotra 
are  at  on*  place;  but  they  are  completely  different  somewhere  else  as  far  as  low  frequencies 
are  concerned.  High  frequencies  on  the  other  hand  wo  can  specify  very  well.  As  far  as  mean 
speed  is  concerned  we  have  a  similar  problem;  wherever  we  need  it  we  don't  have  it.  Very 
often  the  wind  speeds  are  given  at  airperia  and  we  want  to  have  the  wind  in  the  middle  of 
the  city.  In  all  applications  are  involving  information  near  the  ground,  we  have  the  prob¬ 
lem  that  there  are  large  variations  horizontally  and  we  cannot  get  observations  everywhere. 

The  second  kind  of  applications  to  structures  has  to  do  with  airplanes.  Occasional¬ 
ly  airplanes  alec  fly  near  the  ground.  Most  of  them  have  to  land  sometimes  and  there  again 
us  have  some  meteorological  problems.  In  that  oase  again  ve  need  different  kinds  of  meteo¬ 
rological  information  which  we  understand  fairly  well  because  in  that  oase  ve  deal  mostly 
with  vortical  velocities  which  are  somewhat  more  difficult  to  measure  than  horizontal  velo¬ 
cities  but  which  are  mors  easily  understood.  Again  we  are  having  problems  beoauee  the  hori¬ 
zontal  variations  of  terrain  and  their  effects  are  qi  its  complex. 

The  next  important  application  if  meteorological  information  that  has  bsen  men¬ 
tioned  is  the  question  of  tht  sffsot  of  mstsorologioal  parameters  on  air  pollution  and  dis¬ 
persion.  This  has  Just  oome  up  only  briefly  and  I  don't  want  to  say  muoh  about  it.  I  would 
like  to  eontradiot  one  of  the 
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like  to  contradict  one  of  the  other  speakers  in  the  way  in  which  this  i>?  mostly  now  being 
handled.  For  a  long  time  aost  of  the  work  was  based  on  formulae  by  Sutton.  However  there 
have  been  quite  a  few  studies  lately  and,  e.g.  in  the  tJ.S.A.  quite  different  techniques  are 
now  being  used  and  I  would  like  Just  to  suggest  that  there  is  a  quite  good  summary  on  the 
subject  called  "Meteorology  and  Atomic  Energy  1968".  Also  Dr.  Pasquili  is  about  to  revise 
his  book  on  "itnospherio  Diffusion".  There  are  still  some  particular  problems  in  atmospheric 
dispersion  and  I  cannot  summarize  them  all  here.  I  think  one  of  the  mayor  ones  is  that  ve 
do  have  to  take  into  aooount  variations  of  stability  of  the  atmosphere.  Nighttime  conditions 
with  olear  sky  and  light  winds  present  perhaps  the  worst  difficultiss  in  trying  to  estimate 
dispersion  of  oonteminante. 

Other  applications  of  low-level  information  vhich  have  not  coma  up  very  much  during 
this  meeting  have  to  do  with  the  vertical  flow  of  momentum,  heat,  moisture  and  other  quan¬ 
tities  through  the  lover  atmosphere,  end  tiieir  relation  to  large-scale  meteorological  para¬ 
meters.  These  are  important  in  agricultural  meteorology  but  most  particularly  in  trying  to 
improve  the  system  of  mathematioally  forecasting  the  behavior  of  the  large-scale  weather. 
There  is  a  lot  of  work  going  on  in  this  area  at  the  moment  and  millions  are  being  spent  on 
trying  to  just  estimate  how  these  fluxes  are  being  produced.  Here  again  one  of  the  mayor 
problems  is  the  lack  of  spatial  homogeneity j  scientists  tend  to  make  point  measurements, 
but  what  is  needed  ie  average  measurements  over  large  horizontal  areas  and  this  one  topic 
seems  to  be  one  of  our  mayor  problems  throughout.  Finally,  just  to  complete  this,  X  mention 
one  more  application  which  we  have  been  discussing  at  Stockholm  about  three  months  ago  and 
that  ie  the  question  of  propagation  of  waves.  Propagation  of  waves  ia  vary  much  affected 
by  the  turbulence  in  the  lower  atmosphere,  suoh  as  radar  waves,  sound  waves,  optical  wavea. 
Here  egain  we  are  very  much  oonoerned  with  not  just  the  wind  distribution  but  in  this  case 
the  effeota  of  vertical  stratification.  But,  if  I  want  to  aummarize,  one  of  tha  main  prob¬ 
lems  in  most  applications  ia  the  lack  of  horizontal  homogeneity  near  the  grcund  and  we  can¬ 
not  be  everywhere  at  the  same  time. 

Prof.  Cermaki  I  wish  to  break  my  oomments  up  into  essentially  three  main  categories.  The 
first  one  is  the  aeronautical  applioation  of  knowledge  on  atmospherio  shear  flows,  the  second 
ie  some  of  the  problems  associated  with  atmospheric  shear  flows  in  the  area  of  basic  fluid 
aechanios  or  aerodynamlos  and  the  third  is  a  few  oomments  on  the  expectation  of  solving 
some  of  the  problems  we  are  faoed  with  by  the  use  of  wind  tunnels.  I  would  like  to  state, 
at  least  in  my  opinion,  that  an  understanding  of  atmospherio  shear  flows  is  really  an  es¬ 
sential  part  of  the  education  of  an  aeronautical  engineer  if  he  is  going  to  be  properly 
prepared  to  solve  some  of  the  problems  he  will  be  faced  with  in  the  design  of  aircraft  on 
almost .any  scale  of  airoraft  you  might  think  of.  The  reason  for  this  is  that  we  are  now  con¬ 
fronted  with  baeio  problems  associated  with  take-off  and  landing  --  particularly  with  the 
problems  of  take-off  and  landing  of  YSTOL  airoraft  that  are  being  designed  and  tested.  We 
alao  have  to  bring  the  supereonlo  transports  back  down  to  earth  and,  as  I  understand  it, 
the  stability  aeaooiated  with  the  low-epeed  flight  of  these  airoraft,  especially  under  per¬ 
turbed  aondltione  of  the  Atmospherio  surface  layer,  ie  a  problem  at  this,  point  in  time. 
Aooordingly,  stability  analysis  and  the  aotual  structural  design  of  air^.-aft  require  infor¬ 
mation  n  atmospherio  shear  flows.  We  also  have  the  problem  aeaooiated  with  city-planning, 
of  locating  landing  facilities  in  oltiee  for  VSTOL  aircraft,  and  especially  helicopters, 
where  we  must  deal  with  the  looal  environment  produoed  by  wind  bloving  over  buildings. Per- 
hape  we  will  have  to  design  wind  ooreena  or  some  kind  of  shelter  to  protect  the  looal  lan¬ 
ding  eitee. 

Ve  have  another  problem  whloh  is  of  considerable  practical  importance,  especially 
as  airoraft  get  larger.  This  is  the  prediotion  of  dispersion  rates  for  intense  vortices  shed 
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by  aircraft  at  landing  and  take-off  sites.  The  movement  of  these  vortices  by  the  ground- 
level  winds  and  the  dispersion  of  these  ground-level  turbulenoe  need  further  study.  Another 
problem  that  is  rather  serious  is  that  of  proper  design  of  automatic  landing  systems.  We 
know  that  turbulence,  the  turbulent  fluctuations  of  refractive  index  near  the  surface  of 
the  earth,  strongly  affects  the  transmission  of  electromagnetic  energy  and  can  result  in 
misjudgeuent  of  the  height  of  incoming  aircraft.  Another  problem  is  the  dispersal  of  fog 
and  smog  near  runways  and  the  associated  problem  of  visibility  for  pilots  when  landing.  This 
can  be  quite  a  serious  difficulty  especially  for  the  small  nrlv&te  aircraft  when  they  are 
descending  and  suddenly  lose  visibility  because  of  a  ground-based  layer  of  emog.  Then,  of 
course,  we  have  the  problem  of  clear-air  turbulence  which  it  quite  closely  associated  with 
the  zones  of  intense  shear  in  the  atmosphere)  primarily  at  elevations  above  the  atmospheric 
surface  layer. 

Secondly,  I  would  point  out  some  of  the  basic  problems  in  fluid  meohanioe  we  need 
to  study  if  ve  are  to  reach  a  fundamental  understanding  of  the  phenomena  ve  see  in  atmos¬ 
pheric  shear  flows.  I  believe  that  development  of  this  subject  is  still  in  its  infancy. 

Many  workers  have  viewed  the  subject  more  or  less  from  a  deterministic  point  of  view.  How¬ 
ever,  flow  phenomena  in  the  atmospheric  surface  layer  are  better  described  from  a  probabi¬ 
listic  standpoint.  Some  re-thinking  on  how  to  describe  turbulenoe  in  the  boundary  layer  and 
the  associated  mean  wind  distributions  from  this  point  of  view  is  ueeded.  Along  the  same 
line  we  need  to  consider  extreme  value  statistics  of  the  wind  fluctuations  within  the  boun¬ 
dary  layer  and  the  atmospheric  surface  layer,  Unfortunately,  the  commonly  used  energy  speotxm 
do  not  tell  us  what  the  probable  extreme  values  will  be. 

Now  going  to  more  conventional  types  of  problems  we  need  to  etudy  the  effect  of 
time  and  space  dependent  boundary  conditions.  When  working  in  the  atmosphere  we  must  faoe 
up  to  the  fact  that  variable  boundary  conditions  produce  major  deviations  from  the  olaesioal 
two-dimensional  boundary  layer.  What  is  the  rate  of  change  of  turbulent-boun&ary-layer 
characteristics  when  we  introduce  a  perturbation?  A  few  studies  have  teen  made  but  not 
enough.  What  are  the  turbulence  characteristics  introduced  by  orossflowe  or  what  are  the 
turbulence  characteristics  associated  with  three-dimensional  turbulent  boundary  layers? 

I  mentioned  on  Tuesday  that  this  is  one  of  the  areas  where  we  have  an  abundanoe  of  ignoranoe 
concerning  the  baaic  physics.  Another  problem  we  need  to  study  is  the  effeot  on  turbulenoe 
characteristics  for  shear  flows  in  rotation.  Certain  important  aspeots  of  this  problem  were 
pointed  out  by  Hr.  Caldwell.  Laboratory  facilities  such  as  those  used  by  Hr.  Caldwell  will 
enable  eignigicant  studies  to  be  undertaken.  Another  problem  of  importance  is  the  effeot  of 
large-soale  perturbations  in  the  outer  edge  of  the  turbulent  boundary  layer.  What  le  the 
effect  of  these  perturbations  on  the  aotual  structure  of  turbulenoe  in  the  aurfaoe  layer 
and  what  effects  penetrate  to  the  boundary?  In  the  atmosphere  we  have  large-eoale  turbulenoe 
at  the  outer  edge  of  what  we  oall  the  planetary  boundary  layer  and  the  question  that  oomea 
to  mind  is  how  are  these  disturbances  propagated  through  the  surface  layer  and  how  do  they 
change  turbulenoe  in  this  particular  layer.  These  are  questions  I  believe  to  be  important 
when  trying  to  relate  our  olaesioal  boundary-layer  theory  with  vhat  we  actually  encounter 
in  the  atmosphere.  Another  problem  I  would  like  to  point  out  ia  the  effeot  and  the  behavior 
of  turbulenoe  in  stagnation  zones.  This  is  particularly  important  for  stability  analysis 
of  low-epeeu  airoraft  and  VSTOL- aircraft.  The  "skin"  loading  of  large  struotures  by  turbu¬ 
lent  winds  suoh  as  Hr.  Bearman  discussed  this  morning  is  also  an  important  problem.  These 
are  a  few  of  the  fundamental  problems  whioh  are  in  need  of  mors  intensive  study. 

Finally,  I  wish  to  octant  on  the  applications  of  the  wind-tunnels  to  help  to 
solve  those  problems.  I  must  point  out  two  basio  difficulties  in  modeling .ths  stmospherlo 
shear  layer  with  complete  similarity.  One  difficulty  it  the  restriction  on  the  lateral  scale 
of  turbulenoe  that  we  can  achieve  in  the  wind  tunnel.  When  we  observe  an  atmospheric  aurfaoe 
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layer  with  stable  stratification,  we  eee  a  meandering  motion  where  the  wave  length  may  he 
tens  of  kilometers  in  size.  These  disturbances  appear  to  be  produced  by  meeosoale  pheno¬ 
mena  which  we  know  little  about.  This  results  i  .  some  uncertainty  when  attempting  to  simu¬ 
late  diffusion  problems  on  a  rather  large  scale.  The  outer  characteristic  of  atmospherio 
shear  flows  we  cannot  simulate  in  the  wind  tunnel  is  that  of  turning  of  the  mean  wind  with 
height  near  the  surface  of  the  earth.  V«  have  taken  the  point  of  view  that  if  we  can  ade¬ 
quately  simulate  the  turbulent  diffusion  in  the  wind  tunnel  then  we  can  get  a  good  approxi¬ 
mation  to  aotual  conditions  by  superimposing  the  turning  of  the  mean  wind  with  height. 

These  two  difficulties  should  be  studied  further  in  both  the  field  and  the  laboratory  in  an 
effort  to  determine  how  well  our  existing  wind  tunnel  facilities  approximate  true  similari¬ 
ty.  I  have  been  attempting  to  categorize  problems  we  can  successfully  study  in  the  tunnel 
and  those  we  oannot.  I  have  arrived  at  a  tentative  rule  that  can  he  used  as  guidance.  When 
the  scale  of  the  flow  disturbances  of  importance  in  the  phenomenon  we  are  studying  is  of 
about  the  same  soale  as  the  phenomenon  itself  modeling  can  be  accomplished  with  satisfaction 
in  the  wind  tunnel.  This  will  be  the  situation  e.g.  when  the  fluctuating  overturning  moment 
for  a  large  structure  in  the  oenter  of  a  city  is  under  study.  Here  the  major  flow  distur¬ 
bances  are  created  by  the  buildings  surrounding  ’.he  structure  and  are  approximately  the 
same  size  as  the  struoture.  Problems  of  a  more  basic  nature  in  this  category  for  whioh  wind 
tunnels  have  contributed  significant  knowledge  include  the  effeote  of  thermal  stratification 
and  roughness  on  turbulence  struoture  and  diffusion  in  turbulent  boundary  layers,  the  effect 
of  density  atratifioation  on  stability  of  shear  layers  and  the  characteristics  of  gravity 
waves  generated  by  flow  of  a  stably  stratified  fluid  over  mountain-like  geometry.  Wind 
tunnels  will  probably  make  their  greatest  oontribution  to  our  knowledge  of  atmospheric  shear 
flows  through  future  systematic  studies  of  this  type.  In  the  opposite  case  where  the  ooale 
of  the  disturbances  are  small  oomparsd  to  the  soale  of  the  phenomenon  under  study  simili¬ 
tude  may  he  poor.  An  example  of  this  is  an  effort  to  study  the  behavior  of  a  smoke  plums 
over  an  open  area  say  ten  or  more  kms  in  extent.  Here  the  turbulence  is  created  by  the  in¬ 
stabilities  at  the  ground  produosd  by  the  eurfaoe  roughness  and  thermal  effects  on  a  soale 
small  oomparsd  with  the  overall  soale  of  the  plums.  Htrs  the  possibility  for  suoosssful 
modeling  is  ir.  doubt  bsoauss  the  large  soale  disturbances  whioh  ultimate1 v  dominate  the 
aotual  pluie  are  not  present  in  the  model.  Future  developments  in  the  generation  and  simu¬ 
lation  of  large  soale  turbulence  in  wind  tunnels  by  use  of  jets,  vu.'tiolty  generators,  mo¬ 
ving  boundaries,  sto.  may  relax  this  restriction. 

Prof.  Scorer i  In  one  of  the  early  papers  Dr.  McPherson  g*v#  an  example  of  the  good  co¬ 

operation  between  meteorologists  and  asronautioal  engineers  in  doing  researoh  into  the  at¬ 
mosphere.  He  told  us  that  they  obtained  from  past  exptrienoe  a  good  site  to  do  these  things 
where  the  amplitude  was  large  and  they  obtained  daily  foreoasts  and  expectations  eto.  from 
the  foreoasters.  How  this  kind  of  oooperation  doss  not  extend  very  far  beyond  the  realm  of 
asronautioal  engineering.  Dr.  Clark  was  one  of  the  very  few  people  who  took  his  laboratory 
experiments  and  had  a  theory  whioh  worked  for  them  and  applied  it  to  th#  aotual  measurements 
in  the  atmosphere,  and  he  obtained  extremely  good  results.  W#  a an  feel  some  confidence  now 
that  we  understand  somethin,!  mors  about  those  msohanlsms.  These  people  who  are  working  in  a 
realm  of  the  atmosphere  where  the  meteorological  Information  is  relatively  good  ars  well 
off.  We  oan  put  up  soundings,  can  lay  on  aircraft  and  make  measurements  and  nobody  else  is 
bothered  about  what  goes  on  in  that  pisoe  of  tha  atmosphere.  But,  when  w#  ooae  to  the  lowest 
thousand  feat  particularly  over  cities  vs  find  that  tha  measurements  are  very  very  few  in 
far  between  and  thla  ia  where  we  need  now  much  more  detail.  And  strangely  enough  it  is  the 
aviation  authorltiaa  that  present  us  from  asking  a  lot  of  thsas  observations.  We  must  not 
have  towers  or  balloons  on  strings  near  airports.  It  even  goes  further  than  that.  The  publio 
health  people  ia  Clnolnatti  built  beautiful  radio-oontrollsd  well-instrumented  toy  airoraft 
and  wars  going  to  study  tha  pollution  in  Clnolnatti  by  measuring  the  atmospherio  stratlfl- 


By 


oation.  Then  the  aviation  people  stopped  the  whole  project*  This  is  an  example  of  the  diffi¬ 
culty  and  there  are  very  few  places  where  there  is  instrumentation.  Some  people  hays 
big  towers  and  Central  Electricity  Generating  Board  in  England  are  using  television  masts 
now  to  make  soundings.  There  are  also  some  nice  big  chimney*  which  they  oan  use.  But,  tbeee 
cases  are  rather  exceptional  and  I  think  that  it  would  be  good  if  people  like  thoee  assembled 
here  could  put  more  pressure  on  those  who  might  make  the  observations  to  get  them  made  in 
the  area  where  we  need  them  to  be  made  and  this  includes  valleys  and  cities. 

When  one  can  apply  theories  to  cases  where  there  are  plenty  of  measurements  the 
results  always  teach  us  something  both  when  the  theory  does  work  out  and  when  it  dose  not. 
But,  there  ie  often  a  tendency  for  people  (and  this  is  very  evident  in  a  journal  like  the 
Journal  of  Fluid  Mechanics),  In  the  last  but  one  paragraph,  just  before  the  author  makes 
hie  .3knowledgeaent8,  to  think  up  an  application  to  the  atmosphere  and  gaily  say  that  this 
explains  something  or  other.  Of  course  generally  this  sort  of  rather  faoile  explanation  t 
doesn't  come  off  when  examined  oarefully,  and  this  is  partly  because  we  have  not  got  very 
good  observations  in  the  region  we  are  concerned  with  and  partly  because  people  who  work  in 
laboratories  and  with  theories  do  not  tend  to  work  closely  with  people  who  have  a  long  ex¬ 
perience  of  the  atmosphere  in  order  to  make  sure  that  there  is  genuine  relevance  to  parti¬ 
cular  phenomena. 

Excessive  claims  are  sometimes  made  for  the  use  of  wind  tunnels  and  I  am  not  going 
to  contradict  any  claims  when  one  is  ooncerned  with  forces  on  bodies  5  but  it  ie  when  one  is 
concerned  with  diffusion  problems  particularly  in  oonneotion  with  air  pollution  that  I  think 
the  claims  oan  be  exaggerated.  Most  of  our  diffusion  £robleg£  occur  when  the  wind  speede  are 
low  and  this  ie  when  the  dynamioly  based  diffusion  formulae  are  not  valid.  It  is  aleo  the 
case  which  ie  very  difficult  to  model  accurately  because  of  the  motion  associated  with  large 
stratification  in  tha  atmosphere.  The  atmosphere  is  actually  quite  a  good  laboratory  itself 
if  we  learn  how  to  uee  it,  if  we  learn  how  to  put  up  amoke  generators,  measure  tracers,  ob¬ 
serve  free  balloons  and  ao  on.  Ar  enormous  amount  can  be  learned  there. 

Prof.  Panofeky  asked  to  be  provoked.  3o,  perhaps  now  ie  the  time.  He  mentioned 
some  books  and  he  ie  a  good  friend  of  ^ine,  so  I  assume  from  the  fact  that  he  dilr'*  mention 

my  book  that  he  didn't  know  about  it.  So  I  have  some  reason  to  tell  you  about  it  now.  It  is 

called  "Air  Pollution".  I  mention  this  beoause  it  is  really  a  picture  book.  It  contains 
about  a  hundred  picture*  of  phenomena  to  which  I  think  he  wants  the  attention  to  be  drawn. 

The  point  of  mentioning  this  la  beoaua*  he  did  mention  books  and  I  think  the  list  ought  to 
be  complete.  Now  aleo  there  la  a  very  readable  pamphlet  by  Dr.  M.  Smith.  This  ie  on*  in 

vhioh  advice  ie  given  on  hew  to  think  about  pollution  problems  with  rsfsrsncs  to  ths  motion 

of  ths  atmoaphsrs.  Hs  dosan't  tall  you  to  uea  a  oartaln  formula,  he  says  oartaln  formulae 
have  oertain  proparti**  but  ...  and  then  the  Important  stuff  begins.  This  ie  conoemed  with 
tha  stratification  of  the  atmosphere  and  topographical  and  other  small  eoale  effects.  Hans 
Panofeky  also  mentioned  the  Stockholm  conference.  On*  of  the  moat  Interesting  ways  of  ma¬ 
king  sound Inge  In  the  atmosphere,  without  actually  going  there,  that  oame  out  in  this  con¬ 
ference  was  by  beaming  sound  waves  upward*  uelng  a  sort  of  sonar.  He  exploits  the  faot  that 
layers  with  larga  atratlfloatlon  glva  a  measurable  reflection  when  contorted  by  some  sort 
of  turbulenoe  and  thle  ie  a  very  oheap  sort  of  instrument.  It  doesn't  require  a  larga  amoont 
of  teohnology  or  maintenance.  The  author  was  A.  R.  Mahoney  (Weapon*  Research  Establishment, 
Salisbury,  South  Australia) .  It  la  a  vary  useful  technique  vhioh  1  think  more  people  should 
know  about. 

How  there  are  two  final  pointsi  one  is  that  ws  need  mors  liaison  with  praotloal 
meteorologists  and  I  mention  this  btoausa  this  oonfaranoa  la  coapoeed  aostly  of  people  in 
rathur  specialist  institutions,  research  institutions  and  universities.  But,  ths  people  who 
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actually  do  the  Job,  particularly  in  oonneotion  with  air  pollution,  ore  probably  not  here  - 
public  health  inspectors,  arohi tacts,  olvil  engineers  ato.  and  thay  have  to  botoh  things  up 
as  bast  as  thay  can.  I  think,  wa  ought  to  remember  thair  Jobs  whan  wa  arc  pontificating  and 
saying  how  things  ought  to  be  dona,  wa  ought  to  seek  to  help  them  in  asking  praotioal  da* 
oisiona.  It  is  not  for  ue  to  tall  thea  in  detail  what  to  do,  and  fortunately  the  enoraous 
variations  in  the  ataospherio  behavior  prayer.*-  ns  from  giving  thea  instructions.  (Otherwise 
the  wo. Id  would  bsooaa  a  terrible  bureauoraey) .  The  detailed  decisions  ought  to  be  aade  on 
cue  spot  by  the  looal  nan  and  we  should  givs  his.  a  better  idea  how  to  do  it.  Thtt  is  one 
task.  The  other  striking  thing  about  this  oonferanoe  was  that  there  was  a  very  great  non- 
ualforaity  in  the  level  of  teohrioal  knowledge  assuaed  by  the  authors,  and  this  varied  accor¬ 
ding  to  what  aspeot  c  '  the  subjeot  we  were  dealing  with.  I  an  not  oritioising  anybody,  I  an 
Just  reaarklng  on  this  fast.  ?or  example  Bans  Panofsky  gave  a  very  nioe  elementary  treat¬ 
ment,  which  I  hope  I  knew  nost  of,  but  I  thought  that  hs  was  quite  right  in  doing  it  in  that 
way  beoauae  most  people  here  do  not  .enow  this  part  of  dynamical  meteorology.  On  the  other 
hand  many  papers  started  at  suoh  a  high  teohnioal  level  that  aany  people  may  have  been  afraid 
of  asking  questions  at  all  about  sons  of  the  basio  assumptions.  When  I  asked  hr.  P.B.  Smith 
a  question  somebody  behind  me  muttered i  "Sohllohting  page  224",  as  if  to  imply  "you  had 
better  go  and  do  your  homework  before  asking  silly  questions".  On  the  other  hand  I  oould 
have  said  "Soorer  page  2"  in  answer  of  one  of  the  other  questione  asked.  We  have  a  genuine 
difficulty  here,  in  knowing  how  universal  is  the  knowledge  that  we  .Jce  for  granted,  I  spend 
muoh  time  teaohing  mathematlclens  who  are  going  to  beooae  experts  in  fluid  aeohanios  and  we 
have  this  problem  of  deoldlng  how  muoh  meteorology,  how  muoh  Kolmogorov,  how  much  Monin- 
Obukhov  and  how  muoh  of  all  these  things  they  ought  to  know.  I  don’t  think  anybody  oan  give 
answers  here  but,  I  think  it  is  something  we  ought  to  think  aore  about.  A  olvil  engineer  oan 
say  something  about  publio  relations,  labor  relations,  eoonomlos  eto.  But  does  ha  know  any 
of  the  kind  of  meteorology  that  we  have  been  talking  about?  Boss  he  know  how  to  use  the  lo¬ 
oal  forecasting  offloe  when  operating  on  a  oonetruotion  site?  I  rather  euspeot  that  there 
is  not  enough  liaison  between  suoh  people  and  that  partly  our  eduoation  system  is  at  fault 
in  not  teaohing  people  those  aspeots  which  used  not  to  be  very  important,  but  whloh  axe  now 
evidently  beoomlng  aore  Important. 

Referenoeet  "Air  Pollution"  by  R.S.  Soorer,  Pergaaon  Press,  Oxford  1968. 

"Recommended  Guide  for  the  Prediction  of  Dispersion  of  Airborne  Kffluente" 
edited  by  Maynard  Smith  (Brookheven  national  Laboratories).  Published  by 
the  Aaerloen  Society  of  Mechanical  fegineere,  United  Engineering  Center, 

345  last  4th  Street,  lew  Tork  I.Y.  10017.  U.8.A. 

Mr.  Sorutoni  As  the  last  in  the  line  I  suet  be  oereful  not  to  repeat  what  some  of  the  pre¬ 
vious  speakers  have  ea..' .  My  impression  of  this  meeting  Is  that  we  have  had  from  the  meteo¬ 
rologists  some  very  Interesting  and  detailed  papers,  fcit,  1  as  not  yet  sure  how  information 
they  give  is  going  to  fit  into  the  standard  pattern  or  structure  of  the  wind  whloh  engineers 
want  to  use  In  structural  design.  Engineers  really  need  stetletleel  everages  and  probabili¬ 
ties  of  naxlsun  winds,  the  speed  and  spectra  and  correlations  eto.  ooouring  over  certain 
period  of  time,  say  e.g.  the  life-tine  of  the  structure,  kith  regard  to  Dr.  Soorer* •  pc' nt 
about  the  liaison  between  neteorologlste  end  structural  engineers  it  should  b#  noted  that 
la  Saglaad  about  9  or  10  years  ago  saflnsor*  had  to  ast  up  thair  own  research  station  to  gat 
the  information  on  the  wind  structure  whloh  they  wanted.  X  don't  think  Mteorology  aa  carried 
out  in  Saglaad  by  publio  bodies  would  neoeeearll,  give  the  Information  engineers  went.  Of 
oouroe,  engineers  are  very  keen  on  getting  this  Information  over  oltlee  end  all  the  diffi¬ 
culties  which  Dr.  Soorer  pointed  out  are  very  evident.  Se  mentioned  the  eonar-radar-teoh- 
nlque  aa  a  possibility  method  of  making  these  measurements  and  X  would  Ilka  to  suggeet  that 
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perhaps  the  Doppler- laser- technique  might  also  provide  a  suitable  scans  of  obtaining  wind 
structure  over  cities,  is  structural  engineers  we  are  concerned  with  the  aerodynamics  of 
bluff  bodies  and  this  is  alnost  an  open  book,  very  little  is  as  yet  known  and  there  Is  very- 
good  opportunity  here  for  aerodynaaioists  to  work  on  very  important  probleaa.  We  want  to 
know  the  effeota  of  turbulenoe  and  shear  on  the  mean  airflows  over  bluff  bodies  sad  also 
to  be  able  to  assess  the  aerodynamic  admittance  of  bluff  bodies  in  atmospheric  shear  flows, 
ierodynamio  stability  properties  are  also  influenced  by  shear  and  turbulenoe,  and  also  by 
the  amplitude  of  osoillatlon.  Of  oourse  this  requires  methods  in  wind  tunnels  for  represen¬ 
ting  the  shear  flows.  Here  again  there  is  wide  scope  for  ingenuity  in  researob.  Sr.  Scorer 
said  most  of  the  present  methods  iu  use  are  not  satisfactory.  Veil,  I  think  there  are  oppor¬ 
tunities  here  for  producing  something  whioh  is  more  satisfactory.  Bis  ohange  of  wind  direc¬ 
tion  with  height  which  Prof.  Cermak  mentioned  may  not  be  so  important  in  regard  to  tall 
structures  beoause  most  of  the  energy  whioh  causes  the  struoture  to  osoillate  oomes  from 
the  top  third  of  the  struoture  and  there  probably  is  not  very  such  ohange  in  wind  dlreotlon 
with  height  on  the  top  third  of  the  tall  struoture.  I  was  very  interested  in  Prof.  Cermak's 
remark  during  his  talk  about  the  possibility  of  simulating  turbulent  flows  with  laminar 
flows  by  equating  the  Beynolde  number  of  the  laminar  flow  using  the  kinematic  viscosity,  to 
that  of  turbulent  flow  using  the  eddy  vlsoosity.  Many  years  ago  we  used  to  carry  out  flow 
experiments  over  landeoapes  at  very  low  wind  veloolties.  We  had  little  confidence  in  the 
results  but  if  with  the  relationship  suggested  by  Prof.  Cermak  we  night  have  been  doing 
better  than  we  knew. 

Another  aspeot  la  the  provision  of  high  Reynolds  number  faollitles.  If  we  are 
dealing  with  sharp-edged  bodies  perhaps  this  does  not  matter  quite  eo  mu oh  but  with  oertain 
structures  it  is  oertalnly  important  to  have  methods  of  reproducing  flows  at  high  Reynolds 
numbers.  It  was  not  mentioned  at  this  meeting,  but  there  is  dome  possibility  in  the  sugges¬ 
tion  made  by  ttr.  Armitt  of  the  Central  Xleotrlolty  Reeearoh  laboratory  in  which  he  relates 
the  flow  over  round  bodies  to  the  rough&eas  Re-number  of  the  surface  rather  than  to  the 
Re-number  Itself  aa  we  know  it.  Ihis  suggestion  appears  to  be  supported  and  confirmed  by 
experiment . 

Mr.  Antonatoat  Do  say  of  .as  speakers  oars  to  oomment  on  the  ability  of  predicting  pheno¬ 
mena  that  is  a  short-term  predlotlon  spplioable  to  flying  aircraft  to  be  able  to  avoid  oer¬ 
tain  condition#  that  oould  lead  to  oataatrophloal  eventoT  Of  oourse  you  know  we  talked  about 
the  various  shear  conditions  end  transfer  of  aonentun,  oertain  approaahaa  to  stationary 
buildings  and  the  buildings  do  have  aa  advantage,  they  stay  there  and  you  oan  design  for 
oertain  ocndltlona  but  for  alroruft,  beoause  there  le  limited  structural  capability,  you 
try  to  avoid  oertain  ooudltloua  that  earn  ooour  and  even  now  by  looking  at  oortalm  cloud 
formations  e.g.  that  are  eat  up  by  various  wave  phenomena.  Can  you  prediet  to  any  reasonable 
aoouraey  a  turbulent  condition  or  e  sheer  condition  that  oould  lead  to  oatastrophlo  failure 
in  the  aircraft  so  that  tha  aircraft  in  a  short  tine  oaa  avoid  itT 

Prof.  Boorari  As  with  alaoet  all  foreoaatlag  Jobs  people  learn  sad  get  better  at  it  by 
experience  and  what  I  would  say  is  that  if  you  hops  ever  to  have  people  who  earn  do  this 
kind  of  foreeeat  you  have  get  now  to  make  people  try  to  do  It.  Seme  are  trying,  and  they 
are  getting  better  et  It  and  their  limitations  are  fairly  well  known  by  airline  pilots. 
Pilots  eead  information  end  eueeeeding  aircrafts  on  tks  eons  route  got  to  know  this  pretty 
quickly,  and  there  la  pretty  good  liaise*  with  aviation  force** tars.  Rut  saaaattall y  this 
is  a  thing  which  pocpls  learn  to  do  by  trying  to  do  It.  they  dlsoover  acre  about  the  gape 
la  their  knowledge  by  trying.  I  think  nobody  le  entitled  to  sake  any  premia**  but,  I  fool 
pretty  oertain  that  the  forecasting  of  this  will  got  bettor  in  the  next  10  years.  As  air¬ 
craft  fly  higher  we  have  to  learn  more  about  the  differences  between  the  new  layers  that 
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have  bean  frequently  flown  In  and  tha  old  onas  you  know  quite  a  lot  about. 

Prof.  Panof alert  A  couple  of  weeks  ago  at  tha  London  meeting,  there  vaa  a  epeeoh  by  a  gentle¬ 

man  named  Lorens  about  predictability  generally  in  t.ie  atmosphere,  and  he  oame  out  with  a 
statement  whloh  I  think  oan  be  proven i  the  larger  the  phenomenon  the  more  prediotable  it  is. 
One  of  tha  moat  dlffioult  things  to  prediot  is  the  ohange  of  wind  in  the  next  two  minutes, 
whloh  is  due  to  vary  small  addles.  Suoh  predictions  are  important  for  certain  applications 
to  rookets.  To  predict  a  rather  small-soale  effect  like  an  individual  turbulent  breakdown 
is  extremely  dlffioult.  I  would  have  e*ld  that  what  we  are  getting  pretty  good  at  doing  is 
to  point  out  eertain  general  regions  in  whloh  dear  air  turbulenoe  is  going  to  be  very  much 
of  a  problem,  and  to  estimate  its  probability.  And  as  Dr.  Scorer  mentioned,  if  some  other 
plane  has  been  .'round  before  and  had  trouble  then  you  probably  have  trouble  also. 

Dr.  Roach i  Hy  question  is  mainly  directed  to  Prof.  Cermak  and  Prof.  Soorer  and  it  cono-me 
laboratory  simulation  of  free  shear  flows  with  particular  referenoe  to  the  study  of  dear 
air  turbulenoe  meohanisas.  We  have  eeen  the  elegant  experiments  of  Dr.  Clark  here,  and  the 
work  of  Woods  has  aleo  been  mentioned.  Bow,  I  would  like  to  ask  the  panel  in  what  dlreotion 
do  they  think  such  studies  should  nc  go? 

believe  the  study  of  Dr.  Clark  has  given  us  considerable  basic  Information 
on  the  meohanism  but,  the  problem  still  will  be  to  prediot  when  the  oonditions  are  right  for 
these  meohaalsms  to  ooour  in  the  atmosphere.  The  baslo  philosophy  I  have  in  this  particular 
area  is  the  follovingi  whenever  we  have  a  flow  problem  whloh  we  wish  to  relate  to  the  atmos¬ 
phere  ve  should  enoourage  more  field  studies  and  examination  of  the  aotual  phenomena  in  the 
atmosphere.  There  are  some  studie .  being  undertaken  in  Japan  with  Instrumentation  suspended 
from  a  helioopter.  Very  fine  resolution  is  being  obtained  in  the  density  and  the  velocity 
structure.  Crltioal  struotures  are  observed  and  the  resulting  instabilities  are  being  stu¬ 
died  .  I  think  further  studies  along  this  line  would  be  very  revealing.  Studies  in  tha  la¬ 
boratory  along  the  line  of  Dr.  Clark's  work  and  perhaps  some  studies  in  the  wind  tunnel  to 
determine  the  volume  of  turbulent  fluid  produoed  by  breakdown  of  an  unstable  shear  layer 
and  the  way  in  whioh  the  spectra  of  turbulenoe  varies  after  breakdown  would  be  useful. 

Prof.  Bopreri  I  think  there  are  two  point*  here.  On*  is  that  we  oan  eay  now  that  if  the 
motion  1*  etciotlly  2D  then  it  will  break  down  in  the  form  of  thee*  overturning  billows. 

The  theoreticians  should  be  invited  to  answer  the  question!  doe*  it  break  dovr.  in  another 
manner  when  the  motion  is  not  etriotly  2LT  la  there  any  other  way  that  the  laminar  horison- 
tal  flow  oan  begin  to  break  down  other  than  by  turning  over  in  t  i  in  thle  way?  I  don't 
think  there  is  in  the  free  atmosphere  if  the  flow  is  etriotly  2C.  So  thle  ii  a  theoretical 
challenge.  Along  with  thle  v*  need  to  investigate  more  }D  problems  in  laboratory  experiment* 
too.  Sr.  Reach  didn't  mention  the  beautiful  experiment*  of  Dr.  Thorp*.  Thee*  ere  absolutely 
superb,  they  are  again  2D. 

Bow  to  the  other  point.  It  seems  likely  that  e  2D  theory  bee  really  got  the  eeeen- 
tlals  of  the  meohanism,  beoeua*  w*  know  that  2D  actions  are  more  unstable  than  5D  ones,  *o 
that  Is  a  situation  where  the  motion  is  5D,  the  bit*  which  break  down  are  likely  to  be  like 
the  2D  motion.  But  I  don't  know  whether  this  i*  oerteln.  the  more  Important  question  ia,  how 
do  we  gat  to  tha  state  where  tn*  motion  la  ready  to  break  do  m?  With  a  layer  of  ’arge  static 
stability  or  a  layer  with  ratter  large  shear  w*  know  whereabout*  they  will  break  down  in  e 
mountain  wav*  or  e  frontal  eurfaoe  whioh  prdue*  modification*  in  their  structure  to  make 
it  unstable.  What  w*  need  now  is  to  look  one  stag*  further  baok  end  see  how  wt  get  to  the 
previous  stag*.  What  are  the  meohanlema  for  genereting  layers  cf  large  etetlo  stability? 

What  are  the  meohanlema  for  produo Ing  sheer  layer*  other  than  by  large  static  stability? 
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There  ere  meny  poeeible  meohenlsms  end  I  think  there  will  he  esveral  of  thee*  ell  feed In* 
the  billow  meohanlam.  That  is  where  I  think  the  research  should  be  direoted. 

Dr.  Huntt  I  should  first  like  to  apologize  for  the  Insulting  referenoe  to  Bohliohtingl 
Secondly  I  should  like  to  address  a  question  to  Prof.  Cermak  who  put  hie  finger  on  the  in¬ 
teresting  methodological  problem  which  is  whether  we  should  look  at  the  problems  of  turbu¬ 
lent  flow  round  buildings,  and  turbulent  flow  over  airoraft  near  the  ground,  in  a  deter¬ 
ministic  or  probabilistic  kind  of  way.  It  certainly  seems  to  be  the  trend  amongst  the  people 
Interested  in  structures,  as  Nr.  Scruton  pointed  out  this  morning,  to  go  for  the  statlstioal 
sort  of  approach,  in  which  little  is  done  to  examine  the  tail  of  the  probability  density 
distribution  of  velocity  or  pressure.  But  the  other  day  I  visited  the  Royal  Airoraft  lets- 
bllshment  of  Bedford  in  England  and  was  intrigued  to  find  that  there  the  approaoh  of  the 
engineers,  who  are  trying  to  .predict  sudden  loads  on  airoraft  caused  by  gusts  near  the 
ground,  is  to  lock  at  UV- traces  of  turbulenoe  and  from  the  trace  of  big  gusts,  attempting 
to  calculate  their  structure.  Thus,  by  thus  seal-deterministic  method  they  olalm  (this  is 
Hr.  Jones)  that  you  can  construct  models  of  the  kind  of  gust  that  ooours  in  the  tall  of  the 
probability  distribution  function.  One  might  describe  these  people  as  "gust-imaglners".  I 
wonder  what  the  wlew  of  the  panel  is  on  this  difference  in  approaoh  between  the  aeronauti¬ 
cal  and  structural  engineers  and  whether  suoh  a  difference  ooours  in  other  countries? 

too  hnd  the  opportunity  to  discuse  with  Drs.  Burnham,  Jones  and  MoFheraon 

the  approaoh  they  are  using  to  describe  turbulent  events  for  their  guat  analysis  and  I  am 
in  agreement  with  them  that  the  distribution  function  for  the  maximum  or  the  extreme  diffe¬ 
rence  in  velooity  fluctuations  as  a  function  of  the  time  interval  between  the  ooourrencee 
is  important  information  from  the  standpoint  of  oontrol  analysis.  I  would  try  to  promote 
this  approaoh  to  not  only  getting  information  that  is  of  use  to  the  designer  but  for  use  in 
understanding  the  actual  structure  of  the  turbulence  which  the  turbulenoe  spectra  hides 
from  u=. 

Prof.  Libby i  I  would  like  to  make  a  comment  ana  then  ask  a  couple  of  questions  that  follow 
from  the  comment.  First,  i,  as  an  aeronautical  chap,  have  derived  a  great  benefit  from  this 
meeting  despite  the  difficulties  that  Nr.  Scruton  has  aentionedi  but,  I  think  it  is  true 
that  we  aeronautical  people  have  not  really  had  a  chance  to  make  many  comments  about  some 
of  the  matters  discussed.  Two  questions  I  have  really  derived  from  things  that  I  know  about 
the  turbulent  boundary  layers  as  they  arias  in  aeronautical  applications  and  the  questions 
win  be,  whether  or  not  thsa*  things  are  well  known  to  the  atmospheric  people. 

lbs  first  thing  relates  to  the  question  of  heterogeneity  of  boundary  conditions, 
the  importance  of  whiob  has  been  creased  upon  us  at  aaveral  occasions.  1  was  particularly 
struck  by  Prof.  Pancfsky's  remark  that  the  boundary  layer  coming  off  the  land  and  engaging 
the  tea  remember*  the  land  fcr  100  klloaetere.  That  is  ths  number  that  l  reoall.  Sow  In 
aeronautical  applications  it  ie  well  known  that  if  one  has  s  turbulent,  two-dimensional  end 
Incompressible  boundary  layer,  subjects  It  to  e  favorable  pressure  gradient,  then  to  an  ad¬ 
verse  one  and  then  to  anothar  favorable  preesure  gradient  of  the  lame  sort  that  it  original¬ 
ly  had,  ths  boundary  'ayer  on  ths  second  favorable  gradient  ie  not  the  came  aa  the  first  one. 
It  dees  in  faot  have  e  distinct  memory.  Ibis  sort  of  phenomena  hat  led  the  aeronautical 
people  to  have  aodels  of  turbulent  transport  which  are  not  depoedent  upon  only  local  con¬ 
ditions  and  I  think  alaost  everything  that  we  heard  thsas  days  concerned  transport  in  ths 
atmosphere  ^spending  upon  only  local  conditions.  Vow  ths  aeronautical  people  have  cooked  up 
"non-local"  models  s.g.  in  the  U.K.,  I  think  Bradshaw's  work  ie  perhaps  well  known,  and 
there  ie  a  review  of  these  matters  in  lovessnay's  recant  article  In  Rtyeice  cf  Fluid*,  the 
on*  which  wa*  a  supplement  reporting  thi  results  of  ft  Jftpftje&tt  *»fttlnf  on  turbulftnoft . 
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The  othihr  question  of  heterogeneity  I  would  like  to  remark  on  is  the  problem  that 
Prof.  Coraak  talked  about,  namely  a  boundary  layer  presumably  flowing  over  a  surface  of  one 
thermal  oharaoterleti n  and  then  entering  a  region  of  a  different  thermal  charaoteristlc. 

This  is  a  very  old  probi  m  in  the  aeronautical  lltterature  and  if  I  had  to  do  a  calculation 

of  that  problem,  I  would  oer‘ainly  refer  to  Spalding's  work  where  he  showed  us  a  very  good 

way  of  tackling  it.  So,  my  first  question  let  Are  all  these  things  well  known  to  the  atmos- 
pherio  people? 

The  seoond  question  is  as  follows*  the  aeronautical  people  know  very  well  that  if 
they  have  a  boundary  layer  flowing  on  a  surface,  there  1s  a  very  distinct  interface  between 
the  region  which  is  turbulent  and  the  region  which  is  essentially  potential  flow  namely  the 
external  flow.  This  la  a  highly  convoluded  interface  usually  described  by  so-called  inter- 
mlttancy  faotor  which  is  1  if  the  flow  is  totally  turbulent  and  0  if  there  is  no  turbulence 

and,  of  oourte,  this  has  some  sort  of  a  smooth  curve  in  a  boundary  layer  from  1  at  the  wall 

to  0  well  beyond  the  mean  looation  of  the  boundary  layer  thickness.  Now  in  these  days  we 
have  heard  absolutely  nothing  about  that  interfaoe  and  my  question  let  Bo  the  atmospheric 
people  know  about  it  and  have  they  observed  it? 

Prof.  Panofskvi  I  oan  only  speak  for  myself  and  not  for  the  atmospheric  people  generally. 

I  oertainly  know  about  the  last  thing  that  Dr.  Libby  mentioned,  that  is  tha  interface  bet¬ 
ween  the  turbulent  and  laminar  regions  and  the  kind  of  shape  it  has,  from  other  meetings 
similar  to  this.  Porhaps  Dr.  Scorer  ought  to  talk  about  this  later.  There  are  a  number  of 
situations  I  think  and  one  does  not  explain  the  conditions  just  by  local  situations. 

i  011  ■tt*>3«ot  of  local  determinaoy  I  think  the  assumption  that  everything 

la  determined  locally  is  made  because  the  theory  is  quite  difficult  enough.  In  those  situa¬ 
tions  where  It  le  possible  to  do  better  than  that,  batter  has  been  done.  1  would  like  to 
say  thia  In  defanae  of  mataorologleta.  1  think  they  are  very  well  informed  on  aerodynamics . 

If  the  aerodyneaiolsts  produce  e  technique  they  will  try  it  out.  In  most  cease  where  it  is 
all  determined  locally  at  in  a  Nonin-Obukhov  type  of  analysis  it  is  not  practicable  to  do 
anything  more  complicated. 

On  the  subjeot  of  lntermittanoy  there  is  a  distinction  here  between  aerodynecios 
and  etaospherlc  dynamics  in  that  we  are  not  usually  concerned  with  the  upwind  edge  of  things. 
The  phenomenon  of  lntermittanoy  doesn't  oocur  in  the  atmosphere  in  the  same  way  in  setperi- 
santal  aerodynamics.  If  you  have  a  flat  plate  with  fl  on  to  it  and  you  look  at  the  edge 
cf  the  boundary  layer,  it  haa  this  Intermit tency .  But  it  does  not  usually  look  like  that  in 
the  atmoephere  teoause  there  ie  always  e  turbulent  boundary  layer  upwind,  even  in  sir  arri¬ 
ving  at  the  coast  line.  In  any  caae  we  are  most  of  the  time  concerned  with  the  situation 
far  downstream.  Ve  have  the  Ekman  layer  type  of  phenomenon  where  you  have  got  a  sort  of 
equlllbrl’i*  situation.  Tou  can  maaeure  a  sort  of  intermittency  in  the  atmoephere  (e.g.  bet¬ 
ween  clouds  when  flying  among  ouaulue  clouds).  After  a  period  with  a  smooth  trace  you  will 
gat  some  turbulence,  which  ie  obviously  turbulence,  on  entering  e  cloud.  But,  this  t  not 
the  lame  thing  as  your  intermittency.  It  ie  e  quite  different  phenomenon. 

Prof.  Paaofekri  I  would  like  to  worry  a  Util#  about  thie  last  point.  In  the  out  of  free 
air  turbulenoe  when  one  haa  these  slanting  ahear  layers  one  has  turbulent  regions  and  then 
next  to  it  regions  whloh  are  effectively  edges  of  the  turbulent  layer.  I  would  not  be  a  bit 
surprised  if  the  aerodynamics  at  tha  adga  of  tha  turbulent  free  shear  layer,  ie  very  simi¬ 
lar  to  what  you  hava  bee.',  talking  about. 


Prof.  Libby i  I  don’t  think  that  I  made  clear  to  Prof.  Scorer  whet  I  am  talking  about s  the 
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intermlttenoy  that  I  as  asking  about  has  nothing  to  do  with  stari./.g  sdgss.  If  on*  would 
have  a  turbulent  boundary  layer  5000  miles  long  it  would  ytill  have  an  interfaoe  between 
the  potential  flow  and  the  flow  which  is  interior  and  turbulent.  It  has  nothing  to  do  with 
the  sort  of  intermlttenoy  that  is  associated  with  transition  for  example. 

Prof.  Sooreri  I  will  ooae  back  on  that  immediately.  The  thing  that  deteraiuea  the  edges 
of  turbulence  in  the  atmosphere  is  usually  the  density  stratifioation.  It  extends  up  to  a 
certain  level  and  then  it  meets  a  lid.  By  searching  hard  you  might  find  the  kind  of  inter* 
mittency  you  refer  to  but  the  external  flow  is  not  potential  flow  -  it  is  stratified  and 
contains  a  lot  of  vorticity.  Perhaps  Prof.  Lettau  has  a  better  answer  for  this. 

Prof.  Lettaui  I  would  like  to  come  to  the  rescue  of  the  meteorologist.  If  you  look  at  a 
series  of  weather  maps  you  find  lots  of  pressure  gradients  opposing  themselves.  At  a  given 
point  you  may  have  today  a  pressure  gradient  from  the  south  and  tomorrow  one  from  the  north. 
The  major  difference  in  comparison  with  wind  tunnel  boundary  layers  la  that  ambient  flow  in 
the  atmosphere  is  to  a  very  good  degree  geostrophic  and  not  potential  flow.  Theae  faots 
ause  quite  different  conditions  in  energetics  of  flow  as  well  as  of  turbulent  disturbances. 
The  type  of  intermlttenoy  that  we  do  have  to  work  with  in  the  contin-oue  planetary  boundary 
layer  all  around  the  world  u  mainly  caused  by  change*  in  pressure  gradient  and  hydrostatic 
stratification,  from  day  to  dty,  even  from  hour  to  hour,  but  quite  different  fro*  the  kind 
of  interoittency  in  the  wind  tunnel  for  unchanged  (controlled)  driving  foroe  of  the  ambient 
flow. 

Prof.  Cermaki  I  would  like  to  make  a  couple  of  comments  in  response  to  Dr.  Libby's  ques¬ 
tions  --  in  reverse  order  from  that  in  which  they  were  pcsed.  On  the  matter  of  intermlttenoy 
I  would  like  to  refer  to  some  measurements  being  made  by  one  of  our  staff  members,  Prof. 
Sandbom  with  hot-wires  In  the  atmosphere.  He  tells  me  that  he  ebaerves  intermlttenoy  the 
same  as  he  does  in  the  wind-tunnel  bounds’-}'  layers.  This,  I  think,  Is  comforting  to  know. 
Another  factor  --  I  think  I  ment.oned  this  as  some  of  the  basic  problems  that  we  ought  tc  be 
Investigating  --  there  Is,  In  many  'nrtarce*.  at  the  top  of  what  w#  call  a  planetary  boun¬ 
dary  layer  if  the  atmosphere  a  flow  which  is  actually  turbulent  with  a  considerable  amount 
of  turbulent  energy.  Therefore,  we  don't  have  aa  for  the  ordinary  aeronmutloal  boundary 
layer  a  flow  which  is  turbuler.ce-f re#  above  the  turbulent  boundary  layer.  You  mentioned 
something  about  the  work  of  Dr.  upalding.  I  think  on*  of  the  difficult!##  in  applying  Dr. 
Spalding'*  analysis  to  ths  problsse  we  have  been  talking  about  is  that  in  ths  atmosphsrs 
we  art  concerned  with  situations  vhsra  the  hssted  ssetion  of  boundary  may  cause  buoyancy  for¬ 
ces  which,  product  motioia  which  ars  strong  conpartd  with  those  due  to  the  forced  oor. -tctl on. 
Therefore,  the  whole  flow  pattern  becoase  dependent  upon  the  local  boundary  condition  -oid 
the  work  of  Spalding  la  no  longer  applicable.  There  wae  tome  concern  about  the  long  distance 
to  which  the  ler.d-foraed  boundary  layer  and  its  effect*  are  observed  out  at  ■**.  It  •**«* 
to  c*  that  this  may  bt  associated  with  the  large  Scale  longitudinal  vortices  sometime*  ob¬ 
served  in  boundary  layer*  formed  over  land. 

Prof.  Panofekvi  Xy  statement  about  the  length  to  which  the  solid  ground  ie  felt  out  to  tea 
was  actually  bated  on  *  theory  by  Dr.  Peter  Taylor  of  Toronto  who  talked  about  this  in  Eng¬ 
land.  This  is  not  based  on  observation*.  Vhat  essentially  happen#  is  that  he  make*  a  model 
with  a  change  of  roughness.  An  internal  boundary  liyer  develop*  which  at  the  beginning  ha* 
a  elope  of  about  on#  in  ten  and  then  become*  flatter.  The  boundary  layer  i»  about  t  km  thick 
and  it  take*  about  a  hundred  kilometre*  horlxcntmlly  until  the  vno.o  boundary  layer  i*  modi¬ 
fied.  I  don't  knew  of  any  observation#  of  this. 


I  would  like  to  com#  back  to  the  other  queetior.  of  inters! ttency  and  that  is  really 
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ng  aloswr  with  what  Br.  Cermak  said  before.  There  le  a  definite  aituation  when  one  gets  a 
7  definite  lid  on  a  turbulent  layer,  and  that  is  under  stable  conditions  when  the  Richard- 
i  number  near  the  ground  is  iuite  snail  and  increases  with  height.  So,  somewhere  between 
ar  40  metres  the  Richardson  number  becomes  critical.  You  can  see  this  in  terms  of  dis- 
-aion  under  these  conditions;  contaminants  from  a  ground  source  disperses  vertically,  but 
iee  from  an  elevated  source  do  not  disperse  vertically.  So  thore  is  actually  a  fairly 
irp  boundary  between  the  subcritioal  Richardson  number  flow  and  the  supercritical  Richara- 
»  number  laminar  flow.  In  this  region  there  is  indeed  intormittency,  aa  shown  e.g.  in  a 
■sent  paper  by  Slade  in  Journal  of  Applied  Meteorology. 

.  Korkegi a  My  question  is  directed  to  Prof.  Cermak  and  concerns  his  laminar  modeling  of 
i  atmospheric  turbulent  shear  layer.  This  model  looks  quite  clever  of  course  and  I  would 
*e  to  compliment  Prof.  Cermak  for  it.  In  the  laminar  Reynolds  number  you  have  the  kinema- 
3  viscosity  and  in  the  corresponding  turbulent  Reynolds  number  you  have  the  eddy  viefcosity. 
a,  roughly  speaking,  the  kinematic  viscosity  will  barely  vary  acroes  the  layer  assuming 
aeity  and  temperature  variations  a:  small,  but  the  eddy  viscosity  Yuries  considerably. 

I  wonder  if  you  can  comment  on  discrepancies  in  the  modeling  due  to  this  difference  in 
scoaity  variation. 

of.  Cermak i  I  am  glad  you  brought  up  this  subject  because  unfortunately  there  was  not 
ally  tims  enough  to  go  into  much  detail.  I  would  like  to  point  cut  that  this  type  of  mo¬ 
ling  certainly  does  not  represent  a  universally  good  approximation.  This  type  of  modeling 
Appropriate  only  if  we  consider  the  ratio  of  the  integral  soale  of  turbulence  to  a  re- 
renie  length  of  the  obstacle,  say  a  mountain,  to  be  of  the  same  order  of  magnitude  as  the 
tio  of  the  mean-free-path  length  (molecular  ;ion  in  the  model  fluid)  to  the  soal.l  down 
ferenoe  length  of  the  model.  In  a  sense  we  are  considering  the  turbulent  atmosphere  to  ha¬ 
ve  as  a  sticky  fluid  grossly  approximated  by  a  constant  eddy  viscosity.  Therefore,  I  would 
-aln  caution  that  this  appears  to  be  a  useful  concept  only  when  the  mean  flow  field  is  domi- 
.ted  by  the  boundary  geometry,  i.e.,  a  mountain- valley- complex  under  Btably  stratified  at- 
sphertc  conditions.  In  other  worde,  this  concept  is  appropriate  only  if  spatial  variation 
the  mean  flow  f^eld  in  the  horizontal  is  more  inteneu  than  in  the  vertical  direction. 

•.  Korkjgit  There  is  etill  the  mountain  or  the  building  that  would  be  a  perturbation  in- 
de  of  a  boundary  layer.  Sj  whereas  the  local  Reynolds  number  in  a  laminar  boundary  layer 
uld  be  made  to  match  the  looal  turbulent  Reynolds  number  in  tbe  atmosphere  at  correspon- 
ng  points  within  the  layers,  the  Reynolds  number  equivalence  will  no  longer  hold  and  there 
11  be  considerable  departure  within  the  respective  shear  layers  away  from  this  point.  So, 
'•n  though  Oi:s  might  take  the  local  Reynolds  numbers  to  be  equivalent  based  on  the  size  of 
*•  di  rbanoe  or  tbe  roughneas  —  mountain  or  building  for  the  atmospheric  layer  —  ,  they 
.11  not  be  equivalent  as  one  goes  up  into  the  atmospheric  shear  layer.  I  think  there  is 
me  question  as  to  how  good  the  matching  really  is. 

•Of.  Score-??  I  am  very  muoh  in  sympathy  with  Prof.  Cermak1  s  idea  but  please  people  must 
>t  think  that  we  are  naive  about  it.  The  point  is  that  vhen  you  do  these  experiments  you 
-e  not  looking  on  those  oooasions  for  a  very  precise  quantitative  answer.  We  are  looking 
>r  qualitative  enlightenment  and  if  you  oan  make  meohaniama  visible  vhioh  are  not  visible 
i  the  11  soale  you  have  a  better  ohanoe  a)  of  understanding  the  qualitative  way  and  b) 

•  sett,  .g  up  the  right  equations  for  them  b;  taking  the  right  sort  of  assumptions  subse- 
lenUy. 

•.  torkegli  In  answer  to  Prof.  Scorer,  I  am  not  questioning  the  desirability  of  modeling 
>e  atmoaphere  in  a  wind  tunnel i  but  rather,  the  technique.  It  is  somewhat  doubtful  to  mo 
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that  the  equivalence  provided  by  laminar  model lag  is  any  better  then  that  provided  by  a 
turbulent  boundary  layer  even  though  its  Heynolde  number  is  much  smaller  than  that  of  t£e 
atmosphere. 


